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Abstract 
The technique whereby the frequency of an oscillator is stabilized using an 
external feedback network incorporating a delay-line is extended in this thesis 
to provide digital control of the frequency of the oscillator. 
Novel circuit techniques have been developed and analysed to permit the 
implementation of the proposed frequency control technique in a compact for- 
mat, suitable for implementation in either hybrid or monolithic microwave in- 
tegrated circuits. Two new microstrip circuits have been introduced, namely 
the three-port ring discriminator and the single PIN diode phase shifter. 
Frequency control of an oscillator is achieved by digitally controlling the 
time delay through phase shifters in the feedback path of the oscillator's sta- 
bilization circuit. A new microstrip phase shifting circuit has been developed 
which has the advantage of requiring only one active switching element to 
achieve each digital bit of phase change. The circuit has been analysed in 
detail and results obtained at X-band to support the theoretical predictions. 
As part of the analysis of this new component, and in order to permit a 
greater degree of precision in the design of the phase changes, some new mi- 
crostrip design techniques have been introduced. These have led to a more 
exact design for coupled line phase shifters and to an equivalent circuit to 
represent the excess phase in microstrip DC breaks. 
Delay-line stabilization of an oscillator requires the use of a phase sen- 
sitive network, or frequency discriminator. Whilst this could be realised on 
microstrip using conventional circuitry, by interconnecting two hybrid rings, 
a new circuit component, namely the three-port ring discriminator, was de- 
veloped to provide a simpler, more compact solution. A rigorous analysis 
of the new circuit is presented, and the behaviour verified through measure- 
ments over the frequency range 8-12GHz. 
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The new single PIN diode phase shifter has been incorporated in the delay 
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path of a three-port ring discriminator, and used to control the frequency of 
an oscillator. Results are presented for circuits at X-band which show the 
degree of frequency stabilization that has been obtained, together with the 
reduction in oscillator phase noise. In addition, the original concept of delay- 
line switching to control the frequency of an oscillator has been extended 
to yield a further new circuit, based on a three-port ring with a switched- 
feed mechanism; results are presented which verify the operation of this new 
circuit both theoretically and through practical measurement. 
New techniques for controlling the frequency of microstrip oscillators have 
thus been established, both theoretically and through practical measurement, 
which combine simple methods of frequency selection with inherent low-noise 
performance. 
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Introduction 
Oscillators which offer digital frequency control together with low noise per- 
formance are increasing in demand in modern communication systems. More- 
over, for many such systems, particularly those designed for commercial ap- 
plications, cost is also a premium factor. Whilst frequency synthesizer tech- 
niques can yield oscillators with extremely high performance, in terms of 
frequency selection and low phase noise, they tend to be expensive, particu- 
larly at microwave frequencies. The purpose of this study was to investigate 
a new technique for implementing control of the frequency of an oscillator 
using a switched delay line technique. 
Delay line techniques for stabilizing the frequency of an oscillator are well 
known at frequencies up to the low microwave region. The work described 
in this report extends the technique to higher microwave frequencies than 
have hitherto been reported in the literature, and includes the effect of delay 
line switching to achieve frequency control. The principal intention was to 
implement the new technique as a hybrid microwave integrated circuit, using 
microstrip techniques. Whilst this would be relatively straightforward using 
standard microstrip components, a number of new microstrip circuit config- 
urations, notably the single PIN diode phase shifter and the three-port ring 
discriminator, were introduced to minimise circuit complexity and provide a 
low cost solution, which was both economically and technically viable. 
In order to obtain a rigorous understanding of the behaviour of these 
new circuit elements, some new theoretical methods of circuit analysis have 
been introduced, and these are discussed in some detail in the appropriate 
chapters. 
19 
Chapter 1. Review of Previous Work Starting with a description of ex- 
isting delay line techniques for stabilizing an oscillator, the discussion is ex- 
tended to consider the methods of fabrication which have been employed 
and the resulting implications in terms of frequency and noise performance. 
Since the intention of the present work is to implement circuits in a mi- 
crostrip format a review is presented of relevant microstrip devices, namely 
phase shifters, delay lines and discriminators. 
Chapter 2. Single PIN Diode Phase Shifter. The theory and practical re- 
sults for a new type of microstrip phase shifter, which uses a single PIN diode 
to achieve the switching function, is described. In the course of the discussion 
a new and more accurate theory is presented for the analysis of coupled mi- 
crostrip lines. The phase shifting circuits which are described include planar 
DC breaks to permit DC biasing of the PIN diodes. A hitherto unknown ex- 
cess phase associated with these breaks is identified and an equivalent circuit 
model developed to permit precise transmission phase calculations. 
Chapter S. Three-Port Ring Discriminator A new type of microstrip 
discriminator, based on a three-port ring, is presented. The concept of the 
three-port ring is explained and expanded into numerical detail using con- 
ventional odd and even equivalent circuit analysis. Modifications to existing 
theory are given to permit the analysis of asymmetric ring structures. Prac- 
tical results at X-band are given to support the proposed circuit. Considera- 
tion is also given to the effects of circuit discontinuities on the discriminator 
performance. 
Chapter 4. Extended Analysis of Microstrip Ring Circuits. A new method 
of analysis of microstrip ring structures is introduced. The method makes 
use of a current summing technique which is shown to be particularly useful 
for analysing asymmetric ring structures. Theoretical results are presented 
for the three-port ring structures introduced in chapter 3, and the results are 
extended to consider the effects of simultaneously feeding a ring structure at 
a number of different positions. In order to demonstrate the validity of the 
new analytical technique, it is applied to the well known four port hybrid 
ring. 
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Chapter5. Microwave Oscillator Control using a Single Switched Delay- 
Line. The construction and performance of an oscillator control circuit which 
combines the three port ring discriminator and the single PIN diode phase 
shifter is described. The circuit is based on the idea of delay line switching 
in a microwave discriminator which was initially described in the introduc- 
tion. Results are presented which show how the frequency of the oscillator 
can be controlled by switching the PIN diode phase shifter, thereby causing 
variations in the delay path of the three port discriminator. Included in the 
results are phase noise responses which show the effect of circuit stabilization 
and demonstrate the ability of the circuit to reduce the. close carrier noise of 
the oscillator. 
Chapter 6. A Digitally Controlled Microwave Oscillator. The results of 
the new theory introduced in chapter 4 are exploited to produce a circuit for 
controlling digitally the frequency of an oscillator. The results for a dual-fed 
microstrip circuit at X-band are described. In addition to demonstrating 
the frequency selection capabilities of the circuit, phase noise responses show 
how the circuit stabilization properties are maintained as the frequency of 
the oscillator is switched. Also presented are time domain responses which 
provide an indication of the settling time of the oscillator together with the 
effects of transient overshoot. 
Chapter 7. Overview Discussion. A short discussion of some of the gen- 
eral aspects of the work is given to supplement the detailed discussions on 
the individual activities which are are presented at the ends of chapters 2 
through 6. 
Chapter 8. Conclusions and Suggestions for Further Work. This provides 
a summary of the main outcomes of the work, and is supplemented in Ap- 
pendix C by details of the publications which have resulted from the project. 
Some suggestions are provided for a more detailed analysis of the noise as- 
pects of the frequency control systems investigated and for the expansion of 
the circuits to provide greater design flexibility. 
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Chapter 1 
Review of Previous Work 
1.1 Summary 
The main aim of the present work is to extend the concept of the delay-line 
stabilised oscillator to include control of the oscillator frequency. It is in- 
tended that the arrangement will be implemented in microstrip and that the 
control function will be achieved by including a switched, microstrip phase 
shifter in the time delay path of the stabilisation circuit. Thus the review of 
previous work has been divided into three sections. The first concentrates on 
work which has been reported on delay-line stabilised oscillators. The sec- 
ond section considers how the basic, single frequency delay-line stabilisation 
circuit could be implemented in microstrip, using existing components. The 
last section is devoted to microstrip techniques which have been reported for 
the implementation of digitally-controlled phase shifters. 
1.2 Delay-line stabilised oscillators 
The concept of a delay-stabilised variable frequency oscillator was first intro- 
duced by UNDERHILL [1]. Ile described a technique whereby the frequency of 
an oscillator could be continuously tuned over a 2: 1 frequency range, whilst 
maintaining a frequency stability approaching that of a quartz-crystal oscil- 
lator. The oscillator system used is shown in Fig. 1.1, p. 22. The essential 
principle is that the output from the oscillator is split in a feedback network. 
One half of the split signal is applied directly to a phase detector (PD) and 
1.2: Delay-line stabilised oscillators 
LUNIKUL 
Figure 1.1: Low-frequency delay-line stabilised oscillator 
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the other signal is connected to the detector though a delay-line. Since the 
delay line provides a phase shift which is proportional to frequency the use 
of a linear phase detector will provide an output voltage which is linearly 
proportional to frequency. In the arrangement shown in Fig. 1.1, above, the 
output from the phase detector is compared with a reference voltage in a 
differential amplifier, whose output is then used as the frequency controlling 
signal for the voltage controlled oscillator (VCO). A tuning voltage is shown 
which provides a variable reference level and hence allows the frequency of 
the system to be externally tuned. Whilst the stability of the this arrange- 
ment depends primarily on the stability of the delay-line, it is also dependent 
on the stability of the tuning voltage. Underhill does not address this aspect 
directly, but assumes that the tuning voltage contributes no error. Results 
are presented for an oscillator working over the range 3-6MIlz, using a PAL 
delay line giving a delay of approximately 64µs. Spectral responses are given 
which show a significant reduction in close-carrier noise, although this has 
not been quantified. The general conclusion from the paper was that the 
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Figure 1.2: Microwave delay-line stabilised oscillator. 
23 
delay-line stabilisation technique offered performance between that of fully 
variable, but not very stable LC oscillators, and that of highly stable dis- 
cretely stepped frequency synthesisers. 
Subsequently, AITCHISON AND BATLIWALA [2] showed that the principle 
established by UNDERHILL [1] could be extended to microwave frequencies. 
At these frequencies the required time delay can be achieved by a relatively 
short length of microwave transmission line. The experimental circuit re- 
ported by AITCHISON AND BATLIWALA [2] is shown in Fig. 1.2, above. For 
clarity, the non-microwave connections are represented by broken lines. The 
circuit was built using standard WG16 waveguide. The principle of operation 
was essentially the same as that for Underhill's system. A hybrid -T junction 
(A) was used to split the oscillator output into the two paths to the phase 
detector. One path contained an additional length of waveguide to provide 
the delay, and the other a variable phase changer to set the frequency of 
' `---ý---ý DELAY 
' PATH 
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operation. In this arrangement the phase detector was formed by a second 
hybrid-T junction (B) and two detector diodes connected in anti-phase. Con- 
vincing results were presented which gave a stabilisation ratio of 23 and a 
significant reduction in close carrier noise. One difference between the work 
reported in this paper and that from Underhill is that the authors here do not 
consider the effect of circuit tuning or frequency switching. The authors con- 
clude that the low-frequency technique demonstrated by Underhill is viable 
at microwave frequencies and, moreover, that the technique is suitable for 
transfer to microstrip. With regard to microstrip they make the further point 
that low-temperature-dependent substrates should be used. In a subsequent 
paper the same authors BATLIWALA AND AITCIIISON [3] present information 
on the temperature dependence of a modified zirconate substrate, but they 
do not relate these results to the delay-line stabilisation circuit. 
It was around the time that AITCHISON AND BATLIWALA [2] demon- 
strated the feasibility of applying delay-line stabilisation at microwave fre- 
quencies, that a number of authors reported results of similar experiments. 
GLANCE AND SNELL [4] described the results for a discriminator-stabilised 
microstrip oscillator, which used an octagonal microstrip resonator. The 
resonator was designed to give two orthogonally polarised resonances which 
were coupled to reversed diode pair, whose combined output yielded a dis- 
criminator function. The paper describes results for the technique applied to 
a Gunn diode oscillator working at 5.2GHz. A measured stabilisation ratio 
of 1000 was quoted, although it is difficult to relate this to the results of 
other authors because of a lack of information about frequency performance. 
However, the authors point out that frequency tuning is achievable by either 
adjusting the resonator lengths or by dielectric loading of the resonator. In 
either case this would indicate an effectively fixed frequency device. 
In 1977, AMBLARD AND PEYRAT [5] described an X-band bulk-wave 
delay-line stabilised oscillator, using the principle established by AITCIIISON 
AND BATLIWALA [2], whom they reference. Amblard and Peyrat use a 0.5ps 
acoustic bulk-wave delay-line in the general interferometer arrangement dis- 
cussed earlier. Their reasons for choosing this type of delay line were that it 
exhibits high Q, wide frequency range of operation and has a low vibration 
sensitivity. This makes the bulk-wave stabilisation technique particularly 
suitable for airborne and similar applications where there are hard temper- 
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ature and vibration requirements. However, the drawback of the technique, 
compared to transmission line arrangements, is that the frequency of oper- 
ation is limited by the bulk-wave device. Such devices are only available 
up to low microwave frequencies. Amblard and Peyrat present results for a 
stabilised Gunn diode oscillator, with a phase noise performance comparable 
with a crystal stabilised source. Although the main thrust of this paper is 
towards the demonstration of the stabilisation properties of bulk wave sys- 
tems, it is worth noting that the absolute values of phase noise quoted are 
rather high for an X-band device. 
The delay-line stabilisation technique, although attractive in terms of its 
quality and simplicity, does not appear to have been seriously addressed in 
the recent literature. Moreover, where delay-line techniques are mentioned, 
it tends to be in terms of surface acoustic wave delay devices. Certainly there 
has been been no attempt to extend the capability of the delay-line technique 
to make a digitally controlled oscillator by digitally switching the delay time. 
1.3 Microstrip implementation 
The main thrusts of the present work are to implement in microstrip the mi- 
crowave delay-line stabilisation technique established in waveguide by AITcItI- 
SON AND BATLIWALA [2] and to extend the technique to provide digital 
control of the frequency of an oscillator. 
Implementing in microstrip the circuit shown in Fig. 1.2, p. 23 is rela- 
tively straightforward using standard microstrip components. The hybrid-T 
junctions can be replaced by hybrid rings and the remainder of the intercon- 
nections by microstrip transmission lines, with a difference (b) in the length 
of the two lines interconnecting the hybrid rings so as to provide an effective 
delay in one path. The value of 6 would be set to as, where A. is the substrate 
wavelength at the design frequency. This would then provide the necessary 
delay of one period to centre the discriminator response at the design fre- 
quency. A basic microstrip arrangement is shown schematically in Fig. 1.3, 
p. 26. This differs from the circuit of Fig. 1.2, p. 23 in that there is no variable 
phase shifter. Using microstrip CAD software, which includes discontinuity 
compensation, it should be possible for a simple microstrip circuit to be de- 
signed for a precise frequency, without the need for circuit tuning, and so 
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Figure 1.3: Microstrip implementation of delay-line stabilisation 
circuit using standard microstrip components 
alleviating the need for a continuously variable phase shifter. It should be 
noted that a hybrid ring is preferred to 3-port Wilkinson power splitter to 
achieve the 3dB signal division at the input , since there is zero 
loss at the 
design frequency. Hybrid rings are well established devices with little recent 
development reported in the literature, apart from modifications to achieve 
broadband performance. KIM AND NAITO [6] showed that by modifying 
the widths of the ring it was possible to improve the 3dB performance of a 
conventional hybrid ring structure by a factor of 1.84. 
However, the aim of the present work was not just to implement the delay- 
technique in microstrip at a single frequency, but rather to change the delay 
time so as to produce an offset voltage at the amplifier output which could 
then be used to provide a step change in the oscillator frequency. Clearly, if 
the delay time could be digitally controlled this would in turn provide digital 
control of the oscillator frequency. Changing the delay digitally requires the 
inclusion of a digital phase shifter in the effective delay path as shown in 
Fig. 1.4, p. 27. 
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Figure 1.4: Microstrip stabilisation circuit with digital control. 
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There are three established techniques for switching the phase in a mi- 
crostrip circuit. They make use of switched lines, reactively loaded lines 
and reflections from reactively loaded 3dB hybrids. Thorough descriptions 
of these techniques, together with practical performance data can be found 
in WHITE [12] and FOOKS AND ZAKAREVICIUS [22]. The switched phase 
shifters so far reported in the literature, both for hybrid and monolithic cir- 
cuits, have used these techniques either singly or in combination. 
The switched line phase shifter is the simplest of the three types to design 
and implement. A typical microstrip layout is shown in Fig. 1.5, p. 28. A sig- 
nal entering at port 1 is routed either through path X, by switching the PIN 
diodes Dl and D2 on, and D3 and D4 off, or through path Y by switching Dl 
and D2 off, and D3 and D4 on. Since the transmission phase is proportional 
to the line length there will be a change in phase proportional to the differ- 
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ence in the lengths of paths X and Y. As the difference in length is set at the 
mask making stage of the fabrication process the resulting phase change can 
be set quite precisely. There are also no inherent frequency limitations to the 
circuit, which should exhibit wide bandwidth performance. Nor are there any 
limitation on the size of phase change that can be achieved. However, there 
are some significant disadvantages. There are always two switching diodes 
in the transmission path of the signal, which means that the transmission 
properties of the circuit are a function of the transmission characteristics of 
the diodes and their mounting, and include errors due variations in diode 
performance due to poor manufacturing. Furthermore, the circuit occupies 
a lot of substrate area. These disadvantages become more significant when 
one considers a digital device. Each cell requires 4 diodes, so, for example, 
a 4-bit device requires 16 active devices and occupies a significant area of 
substrate. 
A popular alternative to the switched-line phase shifter is the loaded-line 
circuit shown in Fig. 1.6, p. 29. The main line is loaded by two reactive stubs, 
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which are terminated by PIN diodes Dl and D2. A signal travelling along 
the main line from port 1 to port 2 is perturbed by the two reactances, and 
experiences a change in transmission phase. If the separation (L) between 
the stubs is made equal to A, /4 at the design frequency, the reflections on 
the main line due to the two stubs will cancel at the input port. Thus the 
device will be frequency matched. The shunt susceptance presented to the 
main line can be controlled by switching the diodes loading the stub ends to 
provide nominal open or short circuit terminations. The phase change which 
is achievable, with an acceptable bandwidth, depends upon the lengths of 
the stubs and their characteristic impedances. Using this technique it is 
thus possible to realise a digitally controlled phase shifter, using only two 
switching elements per bit of phase change. It should be noted, however, 
that the frequency dependent input match of this circuit tends to worsen with 
the size of the phase step. Thus practical designs of multi-bit phase shifter, 
covering a wide range of phase tend to use a combination of the switched 
line method and the loaded technique. AYASLI ET AL [7) in designing a 
monolithic X-band 4-bit phase shifter covering the range 0° to 360°, used two 
switched-line cells for the most significant bits and two loaded-line cells for 
the least significant bits. The authors concluded that the performance of the 
phase shifter was satisfactory for phased array applications, but some of the 
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Figure 1.7: Reflection type phase shifter. 
difficulties in making this type of circuit are evident from a closer examination 
of the results. The overall loss was quoted as 5.1 ± 0.6dB and nowhere 
over the measured band of 8.5-11GHz were there uniform 22.5° intervals 
between the 15 non-zero states. While this level of performance might be 
suitable for phase array radars where errors in the individual phase errors may 
have a relatively small effect on the radiated beam characteristics it would 
be unacceptable for an n-bit PSK communication system and certainly not 
acceptable for frequency control of an oscillator using the modified delay-line 
stabilisation arrangement proposed earlier. If the phase steps quoted in the 
Ayasli paper were translated to frequency steps from an oscillator employing 
the proposed switched delay-line stabilisation technique, the results would 
be grossly inferior to those obtainable from a simple synthesiser. 
The last type of phase shifter, the reflective type, is the one most fre- 
quently reported in the literature. It consists of a 3dB hybrid coupler with 
phase controllable reflective terminations. This is shown schematically in 
Fig. 1.7, above. It can be implemented in microstrip using various forms of 
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hybrid coupler, such as the branch line coupler, hybrid ring and backward 
wave coupler. In the case of the hybrid ring, an additional quarter-wave 
section is required in one of the reflection ports to provide the required 90° 
phase difference between the nominal output ports. The phase-controllable, 
reflective terminations on the output ports can be realised using PIN diode 
switching elements. WHITE [12] provides a comprehensive design analysis for 
these terminations. This type of phase shifter has several advantages over the 
types already discussed. In particular, it requires only two active elements 
for each bit of phase shift. Furthermore, it can provide large phase changes 
and it can maintain a good input match over a wide range of frequencies. 
GLANCE [8], reported on the performance of a 14GHz 4-bit phase shifter 
using this reflection technique, with significantly better results than AYASLI 
ET AL [7]. Glance's results showed well defined phase intervals over the range 
0° to 360°, and this performance was maintained over a 500MIIz bandwidth. 
Moreover, the insertion loss reported by Glance over this bandwidth was only 
1.4dB ± 0.1dß. 
Other authors have reported different types of switched phase shifter, 
but they tend to be variations of the three basic methods which have been 
discussed. WILSON ET AL [9] describe a novel MMIC X-band phase shifter 
which uses a hybrid coupler and two tapped delay lines. There was no signif- 
icant improvement in performance compared with the Glance design, as far 
as linearity of the frequency steps was concerned, but there was a significant 
improvement in percentage bandwidth. The Wilson phase shifter gave well 
defined frequency steps over much of the 8-12GIIz band. However, there 
was a significant absolute insertion loss and, more importantly, there was a 
significant change in insertion loss between states. 
1.4 Conclusions 
There has been no attempt to exploit the concept of the microwave delay-line 
stabilised oscillator, using transmission line components, since it was estab- 
lished by AITCIIISON AND BATLIWALA [2] in the mid 1970s. In particular, 
there has been no reported attempt to introduce some form of programmable 
phase control into the delay-line path so as to control the the frequency of the 
oscillator. Where the general technique of AITCIIISON AND BATLIWALA [2] 
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Chapter 2 
Single PIN Diode Phase Shifter 
2.1 Summary 
The conventional designs of digitally controlled phase shifters which have 
been reported in the literature, and which were summarized in chapterl, re- 
quire the use of at least two switching elements per bit of phase shift. These 
designs have two principal disadvantages: they are expensive in terms of the 
number of switching elements that are required, and they occupy relatively 
large areas of substrate. Furthermore, although the active elements are func- 
tioning purely as switching devices, they are in the path of the microwave 
signal and consequently the behaviour of the the phase changer is to some ex- 
tent dependent upon the transmission properties of these switches. Clearly, 
the greater the number of these switching elements that are involved, the less 
precise will be the selection of the phase states. 
In this chapter a new circuit is proposed which uses only one switching 
element (PIN diode) to achieve each digital bit of phase change. Whilst the 
circuit makes use of some standard microstrip circuit geometries, it has been 
necessary to significantly extend the previously published theory relating to 
certain microstrip circuit elements in order to design precise phase changes. 
In particular, this has led to more precise design equations for coupled line 
structures and to a better understanding of the transmission phase of mi- 
crostrip DC breaks. 
A number of representative circuits have been built and tested to support 
the proposed design and justify the use of new theory. 
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Figure 2.1: Single PIN Diode Phase Shifter 
2.2 Concept of the single PIN diode phase 
shifter 
The proposed circuit of a single-bit microstrip phase shifter is shown in 
Fig. 2.1, above. 
The arrangement consists of two coupled line sections ,A and B, with a 
PIN diode mounted at their intersection with the main 50Q line. Section A, 
in which the lines are connected at the remote end to form a short circuit 
for the odd mode, contains two DC breaks in the form of zig-zag slits. These 
permit DC biasing of the PIN diode. Section B is a high impedance matching 
section. It will be observed that section A, without the DC breaks, forms 
an all-pass filter of the type described by JONES & BOLLIAIIN [10] and sub- 
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sequently employed by SCIIIFFMAN [11] in the design of passive differential 
phase shifters. The widths and spacing of the coupled lines forming section A 
determines the values of the odd and even mode impedances for this section. 
These values control the input impedance of the coupled-line section, and 
also the linearity of the phase frequency response. In a practical design the 
values of the impedances would be chosen so that input impedance of the 
coupled-line section matched that of the main line, 500 in this instance. The 
widths and spacing of the coupled lines forming section B will not necessar- 
ily have the same values as section A. For reasons which will be discussed 
later it is convenient to use lines of a wider width in section B. In order that 
these lines should have a more precise point of action on the main line they 
have been tapered where they join the 50Q main path, as can be seen in 
Fig. 2.1, p. 34. The tapering is fairly gradual and does not enter into the 
design calculations. 
A specified phase change is obtained by switching the PIN diode and the 
frequency response is then simply the difference between the phase-frequency 
responses of the circuit in the two diode states. The circuit is designed to be 
matched to the main 50f1 line, at the centre frequency, in both states. 
Considering the operation in more detail, starting with the diode in the 
off state, it can be seen that the two coupled line sections are effectively in 
parallel. The input impedance of the B section is designed to be high so 
that most of the input signal will be transmitted through section A with 
a transmission phase change determined primarily by the length, IA. The 
equivalent circuit is shown in Fig. 2.2, p. 36. 
With the PIN diode in the on state, a nominal short circuit exists across 
the centre of the coupled lines. This will inhibit the formation of the odd 
mode on the coupled lines and therefore the A and B sections will behave 
as shunt connected stubs, each supporting an even mode. The resulting 
equivalent circuit is also shown in Fig. 2.2, p. 36. The circuit parameters are 
chosen so that the stubs present equal and opposite input susceptances to 
the main line at the centre frequency, so that their effects cancel. However, 
it is desirable that the overall length, 1A + IB, of the structure should not 
create an electrical length which is a multiple of r, to avoid resonances. This 
implies ZoeA 5A ZoeB which accounts for the difference in line geometries on 
sections A and B which was referred to earlier in the discussion. 
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Figure 2.2: Equivalent circuits for both diode states 
It is the action of the PIN diode in creating different propagating condi- 
tions in the two states that is crucial to the operation of the device. 
2.3 Phase shift element 
The phase change provided by the single PIN diode phase shifter is primarily 
determined by the transmission phase through section A of Fig. 2.1, p. 34. It 
is therefore necessary to develop an accurate model for the microstrip coupled 
lines forming this section, both in terms of the signals propagating along the 
lines, and including the effects of the inherent discontinuities associated with 
the structure. 
The coupled section in question is shown in more detail in Fig. 2.3, p. 37, 
together with the essential parameters of the line geometry. 
The transmission phase change between ports 1 and 2 is a function of the 
coupled length, 1A. This configuration of microstrip lines is often referred to 
as a Schiffman coupler, following from that author's use of the design in dif- 
ferential phase shifters, see SCHIFFMAN [11]. However, Schiffman's original 
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work was based on stripline transmission structures, where the odd and even 
modes propagating along the coupled line structure have equal phase veloci- 
ties. Thus Schiffman was able to make use of the well known expressions for 
coupled-line filters developed by JONES & BOLLJAIIN [10]. When this type 
of circuit has been designed in microstrip the same transmission equations 
are usually quoted, as in WHITE [12], and the unequal odd and even mode ve- 
locities averaged to provide, theoretically, a well-behaved characteristic with 
zero insertion loss at all frequencies. 
In this section a new and more exact analysis in terms of the independent 
odd and even mode velocities is presented, which shows that for certain values 
of the length, Lc, the insertion phase departs significantly from the ideal 
(average mode velocity) characteristic, and the microstrip structure presents 
a significant mismatch at the input port. Some authors, notably SCHIEK & 
KOHLER [13], have recognized the problem and suggested modifications to 
the basic design to compensate for the difference in the odd and even mode 
velocities, but there does not appear to have been any extended theoretical 
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consideration in the literature of the simple coupled-line section to show the 
extent of the problem. 
There is a further problem which does not appear to have been addressed 
in the literature, namely that of establishing the actual coupled length that 
should be used in the design expressions. So, after considering the limi- 
tations that exist in the analysis of coupled microstrip lines, this chapter 
concludes with an investigation of the modifications that need to be made to 
compensate for discontinuities in the coupled-line structure. 
2.3.1 Theory of coupled microstrip lines 
The method of analysis used here follows the conventional approach adopted 
for coupled microstrip lines, whereby the total voltages and currents on the 
structure are obtained from the summation of the odd and even mode solu- 
tions. However, unlike the conventional method which has been applied to 
this structure previously in the literature, the electrical length of each equiv- 
alent circuit is specified here in terms of the independent odd and even mode 
velocities. Thus the configuration of the structure shown in Fig. 2.3, p. 37 
can be reduced to two equivalent circuits as shown in Fig. 2.5, p. 40, where 
0, is the electrical length for the even mode and 0,, is the electrical length for 
the odd mode. 
Each of the lines shown in the equivalent circuit may be analysed using 
simple transmission line theory. Thus the currents and voltages at terminals 
1 and 4 for the two modes are related by 
Vie Cos Be jZoe sin oe V4e 
Ile Yoe sin Be Cos 0e he 
and 
V10 
_ 
cos©o jZoosinO0 V40 J (2.2) 
I,. j,, 0 sin 00 cos ©o ho 
where ZOe and Zoo are the even and odd mode impedances, and Y,,, and Yo, 
are the corresponding admittances. The relationships between the voltages 
and currents on the line joining ports 2 and 3 can then be deduced from 
symmetry. On the microstrip structure being considered, ports 3 and 4 are 
connected by a narrow conducting link. The link is designed to be narrow so 
that there will be no propagation around the end of the coupled section, but 
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Figure 2.4: Coupled microstrip lines showing port configurations 
rather that the even and odd modes will be terminated by open and short 
circuits, respectively. 
Thus the boundary conditions for the structure may be written as 
I3e=I4e-0 (2.3) 
V30=V40 =0. (2.4) 
The transmission coefficient, V2/VI, for the circuit is obtained from 
V2 V2e + V20 
(2.5) 
vl = Vie + Vio 
It follows, from considerations of symmetry, that the transmission coeffi- 
cient can also be written as 
V2 V1 - V'° (2.6) 
Vi Vie + Vio 
giving, after substitution for terminal voltages in terms of the line character- 
istic impedances 
V2 -jZo(Zoe cot Oe + Zoo tan 00) (2.7) 
Vl 2ZOeZootan 0ocot Oe - jZo(ZO, cot0e - Zootan00) 
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Figure 2.5: Equivalent circuits for odd and even modes 
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from which the transmission phase change is obtained as 
7C 1f 
ZO (Zoo tan Bo - 
ZOe cot 0 )1 
=2 {tan- 2ZoeZoo tan Bo cot B, J 
(2.8) 
The detailed derivations of 2.7 and 2.8 can be found in appendix A. 
If it is assumed that the odd and even modes have equal velocities of 
propagation, i. e. 00 = 9, = 0, then 2.8 reduces to 
f--tango 
cos-1 ý2 9ý Z4 tang B 
which is the form quoted by SCIIIFFMAN [11], and usually employed as an 
approximation in microstrip designs. 
The approximations usually made in coupled-line phase shifter design 
also extend to the match of the circuit, wherein it is assumed that the input 
impedance is given by 
Z. = Zoe Zoo. (2.10) 
It is shown in appendix A that if an exact analysis, using the individual 
odd and even mode velocities is performed, the input impedance at port 1 is 
frequency dependent and given by 
Z 
2ZOeZoo cot 0e tan 00 - jZo(ZOe cot 0e - Zoo tan 00) (Z, = 2.11) 2Zo - j(Zoe cot 0e - Zoo tan Oj 
2.3.2 Effects of dispersion 
In the previous section, the electrical length (6,, ) of the coupler for each mode 
is related to the frequency of operation (f) through 
B = 
2rf I 
(2.12) 
vp, n 
where vp, n is the velocity of propagation of the appropriate mode. However, it 
is well known that for frequencies above a few GIIz dispersion effects become 
significant, and therefore an appropriate frequency dependent expression for 
VV, n must be used. A number of authors have addressed the issue of disper- 
sion in coupled microstrip lines and a variety of frequency dependent design 
equations have been published for the effective relative permittivity, c,.,, ff, 
applying to each of the odd and even modes. In the present analysis the 
dispersion relationships due to GETSINGEIt [14] were used. These are repro- 
duced for reference in appendix A. 2. 
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The previous discussion has considered the propagation aspects of signals on 
coupled microstrip line structures. If these structures are to yield precise, 
predictable phase changes the analysis must be extended to consider discon- 
tinuity effects. There are two principal discontinuities associated with the 
coupled line structure shown in Fig. 2.3, p. 37, namely the fringing at the 
remote end of the coupler, and the discontinuity formed by the right-angled 
entry to the coupler. 
The link which terminates the remote end of the coupler provides an 
effective short circuit for the odd mode. There will be some penetration of the 
odd mode current into the terminating link, but this can be accounted for by 
using the full length of the coupler for the odd mode. The principal fringing 
effect will thus be that due to the even mode. Therefore, in the foregoing 
analysis the length used for the even mode was extended by E1, where 61 is 
the effective line extension due to the open-end fringing effect. The value of 
bl was computed from the well known expression due to HAMMERSTAD AND 
BEKKADAL [15], namely 
Er g Si = 0.412h 
(er 11 -%U .31(! 
ýhl + 0.262 (2.13) 
\, eff-258) h +0.813 
where h is the thickness of the substrate, c,.,, ff is the effective relative per- 
mittivity and where, in the present analysis, wt = 2w+s since the even mode 
extends over the full width of the coupled line structure. 
The discontinuity effect associated with the right-angle entry to the cou- 
pler is less easy to quantify. Whilst right-angle bends in single microstrip 
lines have been extensively investigated in the literature, and a variety of 
discontinuity models developed, there have been no discontinuity studies re- 
ported which consider the combined effects of bends and coupling. In the 
present work a suitable specification for the coupled length was determined 
empirically. 
2.4 Matching stub 
The matching stub (section B in Fig. 2.1, p. 34) is required to perform two 
distinct functions. Firstly, with the diode in the off state, it must provide 
2.4: Matching stub 43 
a high input impedance so that the signal is transmitted through section A 
and secondly, with the diode in the on state, it must provide a shunt stub 
whose input admittance matches out that of section A. There are sufficient 
degrees of freedom in the design to allow both of these requirements to be 
satisfied. This is mainly because, with the diode off, both the odd and even 
modes exist on the coupled line structures, and with the diode on, only the 
even mode exists. Thus the stub exhibits quite different behaviour in the 
two diode states. If necessary this difference can be increased by choosing 
different track widths and spacings for the two sections, A and B. 
The initial step in designing a single PIN diode phase shifter is to choose 
the length, l,, of section A to give the required phase change. This length is 
then used to compute the input admittance, YA, of section A assuming that 
only the even mode is present. The length of the stub is then calculated to 
make the input admittance of the stub equal to the conjugate of YA. That 
is, the stub length is calculated from 
YA = -YB (2.14) 
jYoe, A tan QA1c _ -jYoe, a tan , QB1, (2.15) 
leading to 
1, = 
i-tan' r-tanßA1, 
J (2.16) 
Bl Yoe, B 
,, B are 
the characteristic even mode admittances, and QA where Yoe, A and Yoe 
and ßB the phase propagation constants, on sections A and B respectively. 
This will ensure that the phase shifter is matched in the on state, with 
nominally zero transmission phase, although the actual transmission phase 
in this condition will depend on the characteristics of the PIN diode and the 
microstrip gap. However, having set the length of the stub in this way, it is 
necessary to check that it still provides the required high input impedance in 
the off state. If this is not initially achieved the stub can be redesigned with 
a different track geometry. Since the odd mode is not present in both states, 
changing the relative values of track widths and spacing will have the effect 
of changing the relative values of the velocity of propagation in both states, 
thus enabling both matching conditions to be achieved. 
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Figure 2.6: Port nomenclature for open-circuit, couple-line stub 
2.4.1 Theory of open-circuit stub with both modes 
present 
The essential stub geometry is shown in Fig. 2.6, above. 
With both modes present, corresponding to the diode in the off state in 
the phase shifter, the boundary conditions are 
I3e = I4e =0 (2.17) 
I3o = I4o = 0. (2.18) 
Substituting these boundary conditions into the basic transmission line equa- 
tions 2.1 and 2.2 we obtain, for the odd mode 
V10 = V4ocos0, (2.19) 
Ii = jYooV4o sin Oo. (2.20) 
Hence, we obtain the input impedance at port 1 for the odd mode, Z10, as 
Zio= 
Ili 
- -- j Z. cot Oo 
(2.21) 
Similarly, for the even mode 
Vle 
= V4e COS 0 
(2.22) 
Ile = jYoeV4e sin Be (2.23 
2.4: Matching stub 45 
leading to the input impedance, Zle, for the even mode at port 1 as 
Z1 = 
Il, 
= -jZoe cot ©'. (2.24) 
The net input impedance at port 1 is then obtained as 
Z_ 
Vie + V10 (2.25) Z, 
Ise + Igo 
where Z1e 
v (2.26) Vii _ 
and 
V 
Zi. 
V (2.27VI,, 
Zio + Z. 
and where V is the applied signal level and Zo is the loading impedance on 
ports 1 and 2. Thus we obtain 
Z1e + Zlo 
Z1 _ 
Z1e+Zo Z1o+Zo (2.28) 
11 
Z1e+Zo 
+ 
Z1o+Zo 
2Z1eZlo + Zo(Z1e + Z10) (2.29) 
2Zo+Z +Zlo 
Substituting for Zle and Zlo into equation 2.29 gives the input impedance at 
port 1 of the open circuit, coupled-line section as 
24, Z cot ee cot Qo - 
jZ. (Zoo Cot 0 + Zoe Cot ©e) 
Zý _ (2.30) 2Zo - j(Zoo cot ©o - Zoe cot De) 
2.4.2 Even mode loading 
The key aspect of the stub design is that there should be a significant differ- 
ence in the behaviour of the stub with both modes present compared with 
only the even mode present. It would therefore be advantageous to maxi- 
mize this difference by modifying the stub geometry. One possible technique 
would be to provide even mode loading at the remote end of the coupled 
section as shown in Fig. 2.7, p. 46. 
The two addition stubs which provide the loading will affect the even 
mode performance, but should have little effect on the odd mode, which is 
confined the gap between the coupled lines. 
The boundary conditions for the new stub geometry are, for the odd mode 
I3 =I4 =0 (2.31) 
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Figure 2.7: Microstrip layout of single PIN diode phase shifter show- 
ing even mode loading on the matching stub 
and for the even mode V4e= 
X I4e (2.32) 
where X represents the reactive loading on the even mode, and where the 
magnitude and sign of X depend on the width and length (le) of the loading 
stub. Substituting the odd mode boundary condition into the transmission 
line equations 2.1 and 2.2 we obtain, as in section 2.3.1, the input impedance 
of the odd mode as 
Z, = -jZ, cot O. (2.33) 
Similarly, from equations 2.1 and 2.2 we have, for the even mode 
zu = 
Vie 
(2.34) 
ill 
V4e cos ©e + 3I4, Zoe Sin Be 
- 
(2.35) 
i YoeV4e Sin 0e + I4, cos Oe 
JX cos or + %7ioe sin Be (2.36) 
YOX sin Be + cos Be 
11 
ee 
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Zie =j 
(X + ZOe tan Be) (2.37) 
1- YOeX tan 8e 
Substituting for Zlo and Zle into 2.29 gives the input impedance at port 1 
of the structure as 
Zl - 
j[X(Zo -2)+Zo(Zo, tan0, -Zoocot0o)+Zoocot0, tan0, (2ZOe -XYOeZ)] 
2(1 - YOeX tan 9e) +j (X + Zoe tan Be - Zoo cot Bo + YoeX Zoo cot 00 tan Be) (2.38) 
2.5 Microstrip DC breaks 
The single PIN diode phase shifter shown in Fig. 2.1, p. 34 uses a PIN diode 
connected across the entry to the coupled-line sections to control the phase 
change. It is clear from this figure that section A creates a DC short across 
the diode and prevents a DC control voltage being applied. There are two 
possible strategies that can be used to prevent DC shorting: (a) a surface 
mount chip capacitor could be connected across the end of section A in 
place of the shorting link; (b) planar DC breaks could be introduced into the 
microstrip lines forming section A. 
The use of a capacitor is the less attractive of the two solutions, because 
in practical circuit fabrication it represents an additional surface mount op- 
eration and, more importantly, it could introduce a significant discontinuity. 
Therefore the use of planar DC breaks in the coupled-line section forming 
section A of the single PIN diode phase shifter was investigated. Since the 
design of the phase shifter requires a precise understanding of the transmis- 
sion phase through section A, it is particularly important that the inclusion 
of a DC break within this section should not create significant mismatches 
nor introduce any unknown transmission phase changes. 
2.5.1 DC break geometry 
The planar microstrip DC break originally proposed by LACOMBE AND Co- 
HEN [17] consisted of two coupled microstrip fingers as shown in Fig. 2.8, 
p. 48. This structure was a application of the band-pass filter proposed by 
JONES AND BOLLJAHN [10]. The shape of the structure is dictated by the 
need to provide a nominal wideband match, and this can be made in excess 
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Figure 2.8: Geometry of conventional microstrip planar DC break 
of one octave. In the present application the DC break must be included 
in the coupled section A. However, in order to maintain symmetry two DC 
breaks are used as shown in Fig. 2.9, p. 49. 
It is expected that the DC break will introduce some excess phase into 
each microstrip line, and if only one such break were used it would cause 
some imbalance in the even mode on each side of the coupler. Whilst this 
finger shape of DC break is quite acceptable for single microstrip lines it 
poses an additional problem for the coupler, in that the spacing between the 
two coupled lines, which is crucial in establishing a particular phase change, 
exhibits a discontinuity in the vicinity of the breaks. That is, the coupling 
gap widens for the length of the break. Thus for the present application some 
modifications to the shape of the DC break were investigated. 
Two alternative DC break geometries are shown in Fig. 2.10, p. 50. The 
simple zigzag slit is attractive for the current work as it can be inserted 
without causing any significant discontinuity to the odd mode. However, it 
is not as well matched as the finger break because of the increased w/h ratio 
in the vicinity of the break, which means that it is not possible to select a 
gap size which will maintain the basic Z,, = ZO, Zoo matching condition. 
The other possibility shown in Fig. 2.10, p. 50 is to use a simple slanting 
slit. Whilst tapered sections of microstrip line are not amenable to simple 
I 
I 
1 b 
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Figure 2.9: Inclusion of DC breaks in coupled-line phase shifter 
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analysis, two elementary design rules can be employed. Firstly, if the axial 
length of the slit is made A/4, then any reflections from the discontinuities 
at the ends of the slit will cancel and, secondly, by making the gap as small 
as practical good coupling should be ensured. The problem, however, is that 
while this design strategy may lead to a DC break with low insertion loss, 
the difficulty of precise analysis leads to an indeterminate transmission phase 
change through the device, which is a critical parameter in the present work. 
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Figure 2.10: Alternative DC break geometries 
2.5.2 Theory of planar microstrip DC breaks 
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The finger break proposed by LACOMBE AND CoIIEN [17] is amenable to 
precise analysis. They showed that the coefficient S21 is readily obtained 
i 
1b J 
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from the z-parameters of the circuit as 
S21 = 
2Z21 (2.39) 
(Z11 + 1)(Z22 + 1) - Z12Z21 
where 
z11 - Z22 = -j Z `a (2.40) 2z 
z12 = z21 = Zoe 2 -zoocsce 
(2.41) 2, 
and Z. is the characteristic impedance of the main microstrip line, 0 is the 
electrical length of the coupled section and Zoe and Zoo are the even and odd 
mode characteristic impedances for the coupled lines. 
Similarly, the reflection coefficient Sll is obtained from 
(Zil -1)(Zil + 1) - Zi2Z2i Sll 
(Zii + 1)2 - 
Z12 
(2.42) 
The value of 0 in these expressions is simply related to the coupled line length, 
1, by 
0= Q1 =1 (2.43) 
To achieve a satisfactory match the length, 1, is made equal to Aa,,, /4 at 
the design centre frequency. The wavelength, . 1a,, is the average of the odd 
and even mode wavelengths and as such suffers the same error previously 
discussed for the coupled lines in the basic phase shifter. 
2.5.3 Excess phase in microstrip DC breaks 
Whilst the use of the conventional microstrip finger break is widespread in mi- 
crowave circuit designs, one aspect of the finger break performance that does 
not appear to have been addressed in the literature is that of excess phase. 
The excess phase is the difference between the phase change through the 
break and through the same physical length of 501 microstrip line. Clearly 
in the present application a precise knowledge of the total phase change 
though the DC breaks is crucial to the design of the phase shifting element. 
The total phase change through a finger break may conveniently be divided 
into two parts: (a) the phase change through the coupled line section; (b) 
the additional phase due to the end discontinuities. The calculation of the 
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Figure 2.11: Equivalent circuit for coupled-line end discontinuities 
phase change through the coupled section has already been covered and it 
remains to find the phase change due to the end discontinuities. 
Three discontinuity components may be identified as being associated 
with each finger end, namely: (i) an inductive component related to the 
narrowing of the main microstrip track to form the finger; (ii) capacitive 
coupling between the finger end and the adjacent main microstrip track end; 
(iii) fringing capacitances at the track ends. An equivalent circuit of the 
form shown in Fig. 2.11, above may be deduced to represent the disconti- 
nuity at each finger end. It should be noted that, in the case of the finger 
break, Cl and C2 have different values since C2 represents the fringing from 
a narrow finger end and Cl the fringing from a rather larger region formed 
by the end of the main microstrip line. HAMMERSTAD AND BEKKADAL [15] 
have given expressions which enable the individual elements of the circuit in 
Fig. 2.11, above to be calculated from the microstrip geometry and hence to 
be represented by some equivalent line lengths. 
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Figure 2.12: Equivalent circuit of beam-lead PIN diode 
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The PIN diode mounted across the entry to the coupled lines in Fig. 2.1, 
p. 34 serves to control the modes present on the coupled lines. It should 
therefore function as a simple switch, presenting an open-circuit in the OFF 
state and a short-circuit in the ON state. However, if the circuit is to be 
designed to give precise phase changes it is necessary to establish values for 
the transmission though the diode in the two states, due to its non-ideal 
properties. It is well known, for example, that a series mounted PIN diode 
will provide low insertion loss but relatively poor isolation. The insertion loss 
and isolation, together with the corresponding transmission phase changes, 
can be found by modelling an equivalent circuit of the diode mounted across 
the effective microstrip gap at the entry to the coupled sections in Fig. 2.1, 
p. 34. 
2.6.1 PIN diode model 
The PIN diode used in the present investigation, was a low-loss beam-lead 
device whose equivalent circuit is shown in figure Fig. 2.12, above. This 
is a standard diode model where C, is the junction capacitance, Rj the 
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Figure 2.13: Microstrip series gap and equivalent circuit 
junction resistance, R. the combined bulk semiconductor and lead resistance, 
L the beam-lead inductance and C1 the packaging capacitance. The values 
for the fiewlett-Packard (5082-3900) diode used in this investigation were: 
C; = 0.2pF; R, = 69; R, = 10k 1; Cf = 0. O1pF; L, = 0.5n11. The 
last parameter was not specified by the manufacturer but was estimated on 
the basis of beam-leads contributing approximately 1nI1/mm of series lead 
inductance. 
2.6.2 Microstrip gap model 
A series gap in a microstrip line can be modelled as ar network of capaci- 
tors as shown in Fig. 2.13, above. A number of authors have addressed the 
problem of gap capacitance evaluation, but the results due to BENEDEK AND 
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SILVESTER [18] are generally taken to be the most accurate. By considering 
the excess charge distribution in the vicinity of a discontinuity they were able 
to produce graphical data for the elements in the capacitive ir-model used 
to represent gap discontinuities. Whilst the rigorous mathematical approach 
of BENEDEK AND SILVESTER [18] leads to precise results, circuit designers 
require simple expressions for the capacitance values in terms of the odd and 
even mode capacitances, C, and Ce, and the microstrip geometry. GARG 
AND BAHL [19] used curve-fitting techniques to generate closed-form expres- 
sions to represent the results of the BENEDEK AND SILVESTER [18] analysis. 
These expressions relate the element values of the equivalent circuit to the 
microstrip dimensions. The expressions are reproduced in appendix A. 
2.7 Design of single PIN diode phase shifter 
The microstrip track geometries for the single PIN diode phase shifters were 
designed using the foregoing theory. In the diode OFF state, it was assumed 
that there was no direct transmission through the PIN and that the circuit 
could theoretically be modelled as two transmission networks in parallel. One 
network representing section A, which provided the nominal phase change, 
and the other representing the matching stub (section B), through which 
there would naturally be some small transmission, which would modify the 
phase response in the OFF state. To perform the theoretical analysis each 
section was modelled in terms of y-parameters, which were summed and 
converted to S-parameters to give the overall result in the most convenient 
format. 
In order to account for the presence of the DC breaks in the coupled 
section, this was modelled initially as three networks in series. The first 
representing the coupled line between the entry point and the DC break, 
the second the transmission through the DC break and lastly a network to 
represent the coupled line between the DC break and the terminating link. 
The networks were summed using ABCD transmission parameters so as to 
include the effects of mismatch due to the DC break. 
In the diode ON state the circuit was modelled as two shunt connected 
stubs, formed by the even mode transmission through sections A and B, and 
by a series network to represent the transmission through the diode (mounted 
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across a microstrip gap) in the ON state, which would contribute both loss 
and a small phase change. 
2.8 Fabrication and measurement 
All of the test circuits were fabricated on RT/duroid 6010, which was coated 
with 1/8oz EDP copper, giving a copper track thickness of 4.5µm. The sub- 
strate was 635pm thick and had a relative permittivity of 10.4. A conven- 
tional wet etching process was used to fabricate the circuits, with appropriate 
allowances being made for undercutting. 
The test circuits were mounted in a Wiltron 2500 test jig and the mea- 
surements made with an HP8410 vector network analyser. 
2.9 Results and discussion 
In order to establish the behaviour of the single PIN diode phase changer, and 
to develop design procedures which give precise changes in phase, each of the 
constituent parts of the phase shifter was first investigated both theoretically 
and through practical measurement. Finally, practical measurements were 
performed on various electronically switched circuits. 
2.9.1 Behaviour of coupled microstrip lines 
It was pointed out in section 2.3 that the normal method of analysis of 
coupled microstrip lines involves an approximation, in that the average of 
the odd and even modes is used. Fig. 2.14, p. 57 shows the theoretical 
insertion phase, computed as a function of the coupler length at 12 GIIz, for 
the basic phase change element shown in Fig. 2.3, p. 37. The graph shows 
the responses obtained using both the approximate and exact methods of 
analysis. It can be seen that the exact response departs significantly from 
the approximate characteristic for certain lengths and, as would be expected, 
the difference tends to increase with the length of the coupled section. This 
is demonstrated more clearly in Fig. 2.15, p. 58, where the magnitude of the 
difference between the responses has been plotted as a function of the length, 
and shows that the difference can be up to 60°. 
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Figure 2.14: Theoretical insertion phase at 12GHz 
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The approximate theory assumes that the match of the circuit is perfect, 
and frequency invariant. It can be seen from Fig. 2.16, p. 59 that the exact 
analysis predicts significant insertion loss, due to circuit mismatch. As would 
be expected the highest loss occurs in the same region as the highest phase 
difference. In order to establish the validity of the new exact theory a number 
of coupled-line phase shifters of arbitrary length were designed and tested 
at X-band. The coupled-line geometry was chosen to give nominal input 
and output impedances of 5011, using Zo = Zoe Zoo. There is no unique 
combination of track width (w) and spacing (s) to satisfy this relationship 
and the actual values were selected so as to make the fabrication relatively 
noncritical. In calculating the values of Be and 0o the GETSINGER [14] model 
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Figure 2.15: Difference between exact and approximate theoretical 
insertion phase at 12GHz 
was used to account for dispersive effects. The effective length of the coupled 
region for the even mode was taken to be L,: + la,, where l, a represents the 
effect of fringing at the remote end of the coupler and was evaluated from 
the HAMMERSTAD AND BEKKADAL [151 expressions. In the calculation for 
Leo the effective width of the line for the even mode was taken to be 2w + s. 
Since the odd mode is fairly precisely terminated by the link at the remote 
end of the coupler no allowance was made for for fringing of this mode, other 
than to use the full value of L, including 'link, on the basis that there will be 
some slight extension of the odd mode length due to the effective inductance 
caused by the odd mode penetrating into the narrow link. 
In Fig. 2.18, p. 60, Fig. 2.19, p. 61, Fig. 2.20, p. 62, Fig. 2.21, p. 63, 
Fig. 2.22, p. 64 comparisons are presented between the theoretical insertion 
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Figure 2.16: Theoretical insertion loss for phase shifter at 12GHz 
using exact analysis 
phase and measured data over the X-band frequency range for five couplers 
having different lengths. The dimensions of the five test circuits are given in 
Fig. 2.17, below. 
CIRCUIT Lc LI; nk w s 
1 759 26 465 100 
2 1257 47 476 95 
3 1784 30 470 103 
4 4650 52 477 109 
5 6672 54 469 109 
Figure 2.17: Table of test circuit dimensions [pm] 
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Figure 2.18: Comparison of measured and theoretical insertion phase 
data for circuit 1. 
The lengths of the couplers were chosen to cover a wide range of phases, 
in arbitrary steps. The error bars associated with the measured data show a 
±1° measurement uncertainty. It can be seen that in all cases there is good 
agreement between the measured data and the predicted response based on 
an exact analysis. For circuit 1, with the shortest coupled length, the agree- 
ment is particularly good with the exact responses well within the 1° error 
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Figure 2.19: Comparison of measured and theoretical insertion phase 
data for circuit 2. 
bounds of the measured data. For the other responses, even when the exact 
response lies outside the error bounds of the measured data the departure 
is small compared to the difference between the exact and approximate val- 
ues. The agreement between the measured data and the exact response is 
emphasized by considering the shape of the responses. There are significant 
differences between the shapes of the approximate and exact responses, par- 
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Figure 2.20: Comparison of measured and theoretical insertion phase 
data for circuit 3. 
ticularly for the longer coupled lengths, but in all cases the measured data 
points follow closely the shape of the exact response. 
Fig. 2.21, p. 63 and Fig. 2.22, p. 64, which represent the longer coupled 
sections, show that the agreement between the measured data and the exact 
response tends to worsen at the top end of the frequency band. This suggests 
that some dispersive effect is involved, which would naturally become more 
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Figure 2.21: Comparison of measured and theoretical insertion phase 
data for circuit 4. 
significant as the length of the coupled section increased. The model due 
to GETSINGER [14] was used to account for dispersion, but some authors, 
notably EASTER AND GUPTA [20], have suggested that this model gives a 
slight overestimate of the effect of dispersion. This would be consistent with 
the results shown in Fig. 2.21, above and Fig. 2.22, p. 64, where the predicted 
insertion phase is slightly higher than the measured data it the top end of the 
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Figure 2.22: Comparison of measured and theoretical insertion phase 
data for circuit 5. 
band. A more recent dispersion model, from KIRSCHNING AND JANSEN [21) 
claims to provide a more accurate prediction of dispersion effects at higher 
frequencies, and could possibly improve the fit between the measured data 
and the exact theory in the 11-12GIlz region. 
In calculating the theoretical responses no attempt was made to model the 
discontinuities formed by the 90° bends at the entry to the coupled region. 
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Indeed there do not appear to exist in the literature discontinuity models 
which include the combined effect of bends and coupling. However, it would 
appear from the results that this is an unnecessary refinement for the circuit 
designer and that adequate prediction of the insertion phase results from 
using the nominal length, L, together with small compensations for fringing 
at the remote end of the device. 
It is not thought that the bend discontinuity contributed to the depar- 
ture of the measured data from the exact response at the higher end of the 
measured frequency band, since this effect was only noticeable for the longer 
coupled sections and suggested a purely length dependent effect. 
While the insertion phase exhibits some degree of nonlinearity with fre- 
quency, the simple coupled-line section, without the changes in line geom- 
etry which have been introduced by some authors, such as SCHIER AND 
KoHLEn [13], to overcome problems associated with different mode veloc- 
ities, provides a simple component capable of yielding very predictable re- 
sults. Moreover, its simple geometry would seem to be attractive for use at 
higher microwave frequencies where changes in line geometry, introduced for 
mode velocity compensation, would themselves introduce significant discon- 
tinuities. 
2.9.2 Matching stub 
The matching stub in the single PIN diode phase shifter is required to provide 
a particular input reactance with the PIN diode in the on state, i. e. with only 
the even mode present, and to always have a high input impedance with the 
PIN diode off, i. e. with both modes present. Whilst the open-circuited stub 
would be expected to yield a high input impedance when its length was in 
the vicinity of a/2 it is of interest to know how the input impedance changes 
with length, since this directly affects the range of phase changes that can 
be achieved with the single PIN diode phase changer, and over a range of 
frequencies. Theoretical values for input impedance as a function of the stub 
length are shown in Fig. 2.23, p. 66, Fig. 2.24, p. 67 and Fig. 2.25, p. 68 , 
for a range of lengths around the . \/2 value. For the stub being simulated 
to give these theoretical responses, the track geometry led to the average of 
the odd and even mode wavelengths being approximately 11.8mm at 10GIIz. 
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Figure 2.23: Theoretical responses showing the variation of input 
impedance of an open-circuited stub, 4mm in length, as a function 
of frequency 
This is consistent with the result shown in Fig. 2.24, p. 67 which shows the 
highest input impedance is obtained with the 6mm stub, and tends to infinity 
at the frequency which gives a length of A/2. The responses also show the 
effect on the impedance of using an exact analysis rather than one based 
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Figure 2.24: Theoretical responses showing the variation of input 
impedance of an open-circuited stub, 6mm in length, as a function 
of frequency 
on averaging the odd and even mode propagation velocities. The difference 
between the two methods is particularly noticeable when the stub length is in 
the vicinity of A/2- This is particularly significant for the present application 
which requires the stub to work in the high impedance region. It can be seen 
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Figure 2.25: Theoretical responses showing the variation of input 
impedance of an open-circuited stub, 8mm in length, as a function 
of frequency 
from Fig. 2.24, p. 67 that the effect of using the more exact analysis, already 
justified though practical measurements for assorted coupled lines, is to shift 
the centre frequency of the response by approximately 350M1iz, and to reduce 
the effective bandwidth of the stub, i. e. the frequency range over which high 
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input impedance is maintained. 
The results for the 6mm stub highlight potential problems with using 
a simple matching stub. In the present context, a high impedance is one 
which is high relative to 5052, since in the PIN off state the matching stub 
is shunting the 5011 of the phase change section. A high input impedance 
is only obtained for a stub lengths close to A/2. This restricts the range of 
lengths of section A (Fig. 2.1, p. 34) that can be matched in the diode on 
state, and consequently restricts the magnitude of phase changes that can 
be accommodated. Limitations of the magnitude of the phase changes that 
can be obtained is not in itself a problem for the present application, since 
in a delay line stabilized oscillator, the amplifier in the feed back path can 
magnify the effects of the phase changes. However, the limited bandwidth 
of the matching stub will restrict the range over which an oscillator can be 
switched. If, for example, 30052 is regarded as a sufficiently high impedance 
for the present application then the theoretical responses show that the fre- 
quency of operation is limited to around 800MIIz. These problems would to 
some extent be solved if the degrees of freedom in the stub design could be 
extended. It was proposed in section 2.4.2 that this could be achieved by 
employing some even mode loading at the remote end of the stub. Theo- 
retical responses, showing the effects of even mode loading, are displayed in 
Fig. 2.26, p. 70, Fig. 2.27, p. 71 and Fig. 2.28, p. 72. In each response X 
represents the magnitude of the reactive loading as defined in section 2.4.2. 
Negative values of reactance tend to decrease the stub input impedance, as 
shown in Fig. 2.28, p. 72, whilst positive values maintain the general shape of 
the impedance response and produce a shift in the centre frequency. Decreas- 
ing the positive reactance from infinity to 5012 produces a frequency shift of 
approximately 1GIIz, whilst maintaining a high input impedance and an ef- 
fective bandwidth of 800MHz. Thus it would appear worthwhile using even 
mode loading in order to increase the possible range of phase changes. 
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Figure 2.26: Theoretical responses showing the effect on the input 
impedance of an open-circuited stub of applying even mode loading 
(stub length =6mm) (X=1008,200Q, 300Q, 40011) 
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Figure 2.27: Theoretical responses showing the effect on the input 
impedance of an open-circuited stub of applying even mode loading 
(stub length =6mm) (X=-100fl, -20052, -30011, -40011) 
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Figure 2.28: Theoretical responses showing the effect on the input 
impedance of an open-circuited stub of applying even mode loading 
(stub length =6mm) (X=012,25D, 5052,7552) 
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2.9.3 DC breaks 
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In order to establish the validity of the model proposed in section 2.5.3 to rep- 
resent the excess phase in microstrip DC blocks, two representative circuits 
were fabricated on RT/duroid, having a thickness of 635µm and a relative 
permittivity of 10.4, and tested over the frequency range 8-12GIlz. The 
breaks were built into lines having a standard characteristic impedance of 
50Q. Fig. 2.29, below gives the calculated element values of the equivalent 
L Cl C2 C3 
pH pF pF pF 
Finger break 74 0.0015 0.0018 0.020 
Zigzag slit 44 0.0030 0.0030 0.024 
Figure 2.29: Table of values of discontinuity equivalent circuit ele- 
ments 
circuit of Fig. 2.11, p. 52 for the two circuits investigated. Converting the 
values from Fig. 2.29, above into the appropriate equivalent line lengths gave 
total additional line lengths of 140µm and 200iim to represent the discon- 
tinuities of the finger break and zigzag slit respectively. The measured and 
calculated excess phases are compared in Fig. 2.30, p. 74 and Fig. 2.31, p. 75. 
The figures include the essential dimensional data for the two DC break con- 
figurations. In each case the graph A is the calculated excess phase neglect- 
ing the end corrections and graph B the calculated excess phase including 
the end correction in the form of the above specified additional line lengths. 
It is evident from the results that there is good agreement between the mea- 
sured excess phase and those computed theoretically with appropriate end 
corrections. It should be noted that the finger break has a smaller excess 
phase than the zigzag slit, although as explained in section 2.5 the zigzag 
arrangement is the preferred geometry for the present application. 
In addition to having precise information about the transmission phase 
through the DC break it is also important that the device should be well 
matched, since reflections in the coupled line section could alter both the 
match and transmission phase of the whole structure. Fig. 2.32, p. 76 shows 
the insertion loss for three DC break configurations, namely the finger break, 
the zigzag slit and the slanting slit. It can be seen that all three exhibit a 
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Figure 2.30: Comparison of measured and theoretical excess phase 
for a microstrip finger break: finger length=3.06mm; finger 
width=180µm; finger gap=30µm 
reasonably small insertion loss in the vicinity of 10Gllz, which is the design 
centre frequency. The insertion loss is primarily due to mismatch and, as 
would be expected, the finger break structure has the lowest loss since the 
use of fingers enables a near optimum match to be obtained. The zigzag slit 
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Figure 2.31: Comparison of measured and theoretical excess phase 
for a microstrip zigzag break: length of break=3.51mm; gap be- 
tween coupled lines=70µm 
and the diagonal slit show a similar loss, but for the reasons already discussed 
the zigzag slit is preferable for inclusion in the coupled line section. 
Using the information obtained about the excess phase it is possible to 
precisely account for the presence of the DC break in the single PIN diode 
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phase shifter. In order to include the effects of both the transmission phase 
and the mismatch due to the break, it was modelled in the final design 
as a two-port network, represented by the appropriate ABCD matrix, and 
included in the coupled line analysis. 
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2.9.4 Microstrip gap 
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The need for an accurate model for the microstrip gap across which the PIN 
diode is mounted was discussed in section 2.6. The only expressions available 
to the circuit designer are those referred to in section 2.6, namely those due to 
GARG AND BAHL [19]. These expressions, reproduced in appendix A. 3, and 
which are widely quoted in modern microstrip textbooks and designer hand- 
books, such as EDWARDS [33], were found to contain significant errors. In 
order to establish the magnitude of the errors, the expressions were evaluated 
and compared with the original values of BENEDEK AND SILVESTER [18], 
for a range of microstrip geometries using er = 2.5. The results are plot- 
ted in Fig. 2.33, p. 78 and Fig. 2.34, p. 79. These plots show that whilst 
there is reasonable agreement for the odd mode capacitance, the even mode 
capacitance predicted from the GARG AND BAIIL [19] expressions is signif- 
icantly different from the results of the original theory given in BENEDEK 
AND SILVESTER [18]. It can also be seen that the GARG AND BAAL [19] 
expressions are not continuous at s/w=0.3, which is the boundary value for 
the two sets of expressions for me and ke, which are defined in equations A. 47 
through A. 50 in Appendix A3. Fig. 2.35, p. 80 shows the effect of applying a 
scaling factor to the Ce/w values obtained from the appropriate equations in 
appendix A. 3. Although the scaling provides a much closer agreement with 
the results of BENEDEK AND SILVESTER [18], the discontinuity at s/w=0.3 
remains and the curve fit is still not good. Errors of the same magnitude as 
those presented here have also been shown to exist at other, higher values 
of permittivity. It appears that in order to obtain the 7 per cent accuracy 
quoted by GARG AND BAAL [19], a significant change in the form of the 
even mode expression is required. In a comment on the accuracy of these 
expressions FOOKS AND ZAKAREVICIUS [22] make a misleading statement 
which implies that they have been supported by the experimental work of 
OZMEI[MET [23]. The latter's work on a simpler gap capacitance model uses 
the results of BENEDEI< AND SILVESTER [18] to verify their measurements 
and makes no. reference to GARG AND BAIHL [19]. 
Fig. 2.36, p. 81 and Fig. 2.37, p. 82 show the practical effect of using 
the GARG AND BAAL [19] expressions, rather than the theory of BENEDEK 
AND SILVESTER [18], to calculate the insertion loss of a microstrip gap. 
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Figure 2.33: Comparison of odd mode capacitances, e,. = 2.5 
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Figure 2.34: Comparison of even mode capacitances, c=2.5 
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Figure 2.35: Even mode capacitances, showing effect of modifying 
the Garg and Bahl expressions by a factor of 13, e,. = 2.5 
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Figure 2.36: Insertion loss of a microstrip gap (e,. =10.4, w/h=1, 
s/w=0.4) 
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Figure 2.37: Insertion loss of a microstrip gap (e,. =10.4, w/h=1, 
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The figures include simulation data from MDS1 and measured results. 
Both figures show very good agreement between measured data and that ob- 
tained from MDS over the frequency range 8-12GIlz. It can be seen that the 
practical insertion loss data have values between those obtained through use 
of the GARG AND BAAL [19] expressions and those predicted from BENEDEK 
AND SILVESTER [18]. The cyclic variation in the measured data at the top 
end of the band was attributed to mismatches in the measurement system 
causing multiple reflections, and is not of particular significance here. Ilow- 
ever, the results clearly show that a significant error can arise from using the 
GARG AND BAAL [19] expressions. In Fig. 2.36, p. 81, with s/w=0.4, the 
error is of the order of 2dB and this increases to 7dB in Fig. 2.37, p. 82, with 
s/w=1.0. This increase is to be expected from consideration of Fig. 2.34, 
p. 79, where it is shown that the major source of error is in the even mode 
capacitance, which has a greater effect on the insertion loss as the gap size 
increases. 
It is worth noting that, in addition to the effects on insertion loss, the use 
of the incorrect expressions could lead to potentially more serious problems 
associated with the correct prediction of circuit resonances when an active 
device is mounted across a microstrip gap. In the present work, the expres- 
sions due to GARG AND BAIIL [19] will be used, but with the scaling factor 
of 13 applied to the even mode capacitance. 
2.9.5 PIN diode 
Finally, in examining the detailed behaviour of the elements constituting 
the single PIN diode phase shifter, it was necessary to establish an accurate 
model for the PIN diode in the on and off states, since transmission through 
the diode had a direct effect on the overall performance of the phase shifter. 
Using the standard equivalent circuit for a beam-lead PIN diode, given 
in Fig. 2.12, p. 53, together with the microstrip gap model discussed in the 
previous section the insertion phase and loss through a series mounted diode 
were computed and compared with measured data. The results are shown 
in Fig. 2.38, p. 84 and Fig. 2.39, p. 85 for the IIP 5082-3900 beam-lead PIN 
diode, and in Fig. 2.40, p. 86 and Fig. 2.41, p. 87 for the IHP IIPND-4001 
1MDSTM refers to Microwave Design Software from Hewlett Packard 
2.9: Results and discussion 
IS) 
m 
m 
CD 
mm 
am 
m 
am 
0 
ON 
d 
C CD 
O 
co 
Hm 
N 
CD 
m 
Frequency (GHz) 
Theoretical phase: diode ON 
Theoretical phase: diode OFF 
+ Measured phase: diode ON, Id = 10mA 
0 Measured phase: diode OFF, Vb = -20V 
Figure 2.38: Phase change through HP 5082-3900 PIN diode 
84 
PIN diode. The results in Fig. 2.38, above and Fig. 2.39, p. 85 show very 
good agreement between the theoretical and measured data. This validates 
the use of the modified gap capacitance model and, incidentally, shows that 
no modification to the gap series capacitance value is needed to account for 
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the diode being in the odd mode field. Fig. 2.40, p. 86 and Fig. 2.41, p. 87 
show results for the alternative PIN diode, which exhibited lower loss, but 
at the expense of worse isolation. The results for the second diode also show 
good agreement between the theoretical and measured data, apart from the 
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Figure 2.40: Phase change through HP HPND-4001 PIN diode 
isolation. The measured isolation was worse than predicted, possibly due to 
the simplified model not allowing for the additional fringing capacitance due 
to the closer spacing of the diode electrodes which results from the low-loss 
design. 
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It is well known that series mounted PIN diodes have poor isolation, 
particularly if they have been designed to have low insertion loss. In the 
present design of phase shifter, good isolation is more important than low 
insertion loss. The insertion loss and phase change with diode in the on state 
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can easily be incorporated into the phase shifter design. It is less easy to 
analyse the situation where the diode is nominally off, and most of the signal 
propagates though the coupled lines, but there is a small leakage through 
the diode. This leads to an unnecessarily complicated situation whereby a 
lumped component is bridging a distributed line, and it is not obvious how 
the equivalent circuit should be drawn. Therefore, in subsequent designs the 
lip 5082-3990 PIN diode was used as the active element. 
2.9.6 Single PIN diode phase shifters 
Theoretical and measured data are compared in Fig. 2.42, p. 89 and Fig. 2.43, 
p. 90 for a 10GIIz single bit phase shifter, without even mode loading on 
the matching stub. The standard deviation of the measured phase over the 
frequency range 9-11GHz was 5.1°. The change in insertion loss (< 0.5dB) 
was higher than desirable, but could be reduced by improving the matching 
with the diode in the on state. The computed switched phase change exhibits 
some nonlinearity, but this could be reduced by optimisation of the circuit 
parameters. Fig. 2.44, p. 91 and Fig. 2.45, p. 92 show the results for a single 
PIN diode phase changer with even mode loading on the matching stub. The 
even mode loading appears to improve the match of the device, as shown by 
a reduction in the insertion loss change between states, and to produce a 
somewhat more linear phase characteristic. As with the device without the 
matching stub loading, the useful bandwidth appears to be of the order of 
1GHz. 
In the results presented, the phase changes were deliberately designed to 
be small, because only small changes in phase were required in the delay-line 
stabilization circuit. The reason being that large changes of phase would 
significantly alter the frequency discriminator characteristic of the circuit. 
Thus the phase changes measured were small changes about 360°. This lat- 
ter value resulting from the need to include a/4 DC breaks in the coupled 
line section which primarily determined the phase change. However, since 
only small phase changes are needed, one possible simplification of the sin- 
gle PIN diode phase changer would be to omit the matching stub. Under 
these conditions, with the diode off, the phase change would be set by the 
coupled line length, 1, as before. With the diode on the main line would be 
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Figure 2.42: Comparison of measured and theoretical phase data for 
a single-bit phase shifter 
shunted by a stub, supporting the even mode, of length I. Since this length 
would necessarily be close to A/2 the stub, whose remote end is an effective 
open-circuit, would always shunt the main line with a high impedance and 
hence have minimal effect on the transmitted signal. Fig. 2.46, p. 93 and 
Fig. 2.47, p. 94 show the effect of omitting the matching stub. Three sets 
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Figure 2.43: Comparison of measured and theoretical loss data for a 
single-bit phase shifter 
of measured values are shown in these figures, representing three couplers of 
slightly different lengths. It can be seen that significant phase changes are 
obtained, and that the change in insertion loss between states is reasonably 
small. Thus it would appear that the omission of the matching stub is a 
practical proposition for small phase changes and narrow bandwidths. 
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Figure 2.44: Measured phase response for a single-bit phase shifter 
with even mode loading 
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Figure 2.45: Measured insertion loss change for a single-bit phase 
shifter with even mode loading 
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Figure 2.46: Measured phase data for single PIN diode (SPD) phase 
shifters with no matching stub 
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Figure 2.47: Measured insertion loss data for SPD phase shifters 
with no matching stub 
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It has been shown that an exact analysis method is needed to satisfactorily 
predict the performance of coupled-line phase shifters and, moreover, that 
the device exhibits a significant mismatch under certain conditions. A com- 
parison between measured and theoretical data shows that the new exact 
theory, in terms of the independent odd and even mode velocities, provides 
a better prediction of the nonlinear phase responses which are observed in 
practice. Useful information has also been obtained on the effective length 
of the coupler which should be employed in practical designs. 
Microstrip DC breaks have been shown to exhibit significant excess phase. 
Moreover, end effects have been shown to contribute significantly to the to- 
tal excess phase. An equivalent circuit has been deduced to represent the 
discontinuities associated with microstrip DC breaks which yields good agree- 
ment between experimental and measured values of phase. The agreement 
has been shown to hold for two microstrip DC blocks of slightly different 
geometry. 
A serious source of error in commonly quoted expressions for the capaci- 
tance values in microstrip gap equivalent circuits has been identified. Some 
indication of the magnitude of the error, together with the effect on practical 
circuit design has been established. 
A novel microstrip phase shifter has been developed, using a single PIN 
diode, which yields good agreement between measured and theoretical data 
at X-band. The performance compares well with that of other published 
devices using a greater number of switching elements. The device appears 
attractive for the development of compact, multi-bit phase shifters in either 
hybrid or monolithic microwave integrated circuits. 
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Chapter 3 
Three Port Ring Discriminator 
3.1 Summary 
A new design of microstrip discriminator is presented which is based on 
a three-port ring. The new circuit structure has been rigorously analysed 
and the theoretical results compared with measured data over the X-band 
frequency range. 
Various test circuits, using both circular and rectangular ring geometries, 
have been designed and evaluated. The test circuits were designed with a 
centre frequency of 10Gllz and were fabricated on RT/duroid 6010. 
The effects which microstrip discontinuities have on the discriminator 
performance have also been considered. The discontinuity of particular im- 
portance for the three-port ring is the T-junction and its effect was investi- 
gated by making appropriate allowances in the design, based on published 
discontinuity data, and by introducing compensating circuitry. 
3.2 Introduction 
The structure and behaviour of conventional microwave delay-line discrimina- 
tors was discussed in chapter 1. Included in that discussion was a microstrip 
discriminator, shown in Fig. 1.3, p. 26, which employed two four-port hybrid 
rings. However this arrangement suffers from two principal disadvantages: 
(i) it occupies a significant substrate area because of the necessity of having 
two hybrid rings, and (ii) the match of the input and output ports are quite 
3.3: Circuit operation and design 
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Figure 3.1: Three-port ring discriminator 
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frequency sensitive because of the presence of a number of frequency sensi- 
tive sections. The three-port ring arrangement proposed in this chapter, and 
shown connected as a discriminator in Fig. 3.1, above, overcomes the problem 
of size by combining the signal splitting and delay-line functions in a single 
ring. Whilst the new arrangement would still exhibit a frequency-dependent 
match at the input and output ports, this should be less than for the dual 
hybrid ring approach, because of the simplicity of the structure. 
The three-port ring thus provides a simple, compact discriminator whose 
size advantage could be significant in microstrip circuit layouts, particularly 
for microwave integrated circuit applications. 
3.3 Circuit operation and design 
The fundamental operation of the three-port ring as a frequency discrimina- 
tor may be deduced from consideration of the electrical lengths separating 
the three ports. In Fig. 3.1, above, the port separations are shown at the 
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design (centre) frequency. Clearly, at this frequency a signal applied at port 
1 will give equal outputs at ports 2 and 3. If the frequency is increased, 
the waves travelling in opposite directions around the ring will tend to move 
into phase at port 2 and out of phase at port 3, by virtue of the quarter- 
wavelength spacing between ports 2 and 3. Conversely, if the frequency is 
decreased the waves will move into phase at port 3 and out of phase at port 
2. Thus, feeding the detected signals at ports 2 and 3 into a differential am- 
plifier will yield a frequency discriminator response at the amplifier output, 
with the response centred on the design frequency. 
Whilst the design of the three-port ring is constrained by the need to have 
a quarter-wave spacing between the output ports to maintain the discrimi- 
nator function, there are two degrees of freedom in the design which enable 
the best input match to be chosen. Firstly, the ring impedance Zr may be 
chosen independently of the discriminator requirements. Secondly, an addi- 
tional length of line, x, may be inserted between ports 1 and 2 and between 
ports 1 and 3, without violating the conditions for frequency discrimination. 
The theory presented in the next section enables optimum values of Z, and 
x to be chosen. However, it should be noted that there will always be a 
mismatch at the input of the circuit since there is a general theorem which 
states that a passive, lossless three-port network can never be simultaneously 
matched at all ports. The design strategy should therefore be to match the 
output ports to the detector diodes, to prevent unwanted reflections entering 
the ring, and to accept a degree of mismatch at the input. In practice this 
mismatch would not present a problem, since in the proposed stabilization 
system the discriminator is in the feedback path to the oscillator, rather 
than in the main output power line and, moreover, could be preceded by an 
isolator. 
3.4 Theory 
The theoretical investigation of the behaviour of the three-port ring was 
based on a static analysis which involved first reducing the ring to two equiv- 
alent circuits. This approach, whereby the ring is reduced to two equivalent 
two-port networks by considering odd and even excitation of the ring is an 
application of the method normally used for the analysis of four-port hy- 
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brid rings. PON [26] and ZARBEL [25] describe the basis of the method, 
as applied to hybrid rings, in some detail. However, the method requires 
a plane of symmetry to be established though the circuit in order that the 
four-port structure can be split into two equivalent two-port networks. Un- 
like the four-port hybrid ring the three-port structure being considered here 
requires the plane of symmetry to be taken through one of the ports. This 
does not present any difficulty providing that appropriate modifications are 
made to the impedance of that port in the equivalent circuits. Alternatively, 
a dummy fourth port can be introduced, thus avoiding the need to split one 
of the ports with the plane of symmetry, and a solution sought which makes 
the signal at the dummy port zero. Such a technique would be required if 
the original three-port structure were asymmetric, whence the dummy port 
could be used to create geometric symmetry. Both methods are described in 
the following sections. 
3.4.1 Odd and even circuit analysis 
The basic three-port ring discriminator is shown in Fig. 3.2, p. 100. It can be 
observed that there is geometric symmetry about the line AA'. Consequently 
if in-phase waves of equal amplitude are applied to ports 1 and 3 the electric 
field in the ring will be even about AA'. Under this condition the ring may 
be split along the line AA' and the split ends represented by open circuits. 
This leads to the two-port equivalent circuit shown in (a) of Fig. 3.3, p. 101. 
Similarly, when anti-phase waves of equal amplitude are applied to ports 
1 and 3, the electric field is odd about the line AA'. Again, if the circuit is 
split along the line AA', the split ends can be represented by short circuits 
as shown in (b) of Fig. 3.3, p. 101. 
A particular solution for the three-port ring may therefore be found by 
adding any linear combination of the even and odd field solutions, assuming 
of course that equal amplitude waves are applied in each case so that the net 
result is an input at a single port. The final solution is most conveniently 
expressed in terms of S-parameters. 
To obtain the reflection and transmission coefficients for the equivalent 
circuit shown in (a) of Fig. 3.3, p. 101, the ABCD parameters are first found, 
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these parameters being the most convenient for analysing cascaded elements 
in series. 
The circuit of (a) in Fig. 3.3, p. 101 may be redrawn as shown in Fig. 3.4, 
p. 102. It has been assumed that each of the ports is terminated in Z0, 
which is equal to the characteristic impedance of the port lines. Port 2 is 
terminated in 2Z0 to represent the effect of splitting the circuit through this 
port. The value of Yl in Fig. 3.4, p. 102 is given by 
Y1 = jYrtan 
(ß A) 
(3.1) 
where Y,. if the characteristic admittance of the ring and A is the wavelength in 
the ring at the design frequency. The A matrix of the cascaded combination 
between ports 1 and 2 is 
Ar B, 
_10 
cos 
(Q4) jZ. sin (ß (3.2) 
Ce De Yl 1 jYrsin C, ß4) cos VO 
From standard two-port network theory, the transmission coefficient is then 
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Figure 3.3: Three-port ring equivalent circuits 
given from 
1 T21e : -- A, -} ZZ + CeZ0 +2 
and the reflection coefficient at port 1 from 
Tll` 
Y. -Y (3.4) 
Y. +Ye 
where 
I Yý = Yi + Y2 (3.5) 
and 
Z,. cos 
(pä) + j2Zosin (ß4) 
Yz=Yr (3.6) 
2xocos (ß4) + jZ, sin (ß 
) 
Having found expressions for the reflection and transmission coefficients for 
the even field produced by in-phase excitation of the ring, we need to fol- 
3.4: Theory 
1 X/4 2 
z y1 2Zo 
102 
Figure 3.4: Even field equivalent circuit redrawn in a conventional 
two-port network format 
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Figure 3.5: Equivalent circuit for anti-phase excitation, redrawn as 
a one-port network 
low a similar analysis for the case of anti-phase excitation. Considering the 
equivalent circuit shown in Fig. 3.3, p. 101 for anti-phase excitation, it can 
be seen that there is zero transmission between ports 1 and 2 for this situa- 
tion. Therefore the only parameter required is the reflection coefficient. The 
equivalent circuit shown in (b) of Fig. 3.3, p. 101 may therefore be simplified 
to that shown in Fig. 3.5, above. In this figure, 
Y3=-jYrcotIßg I (3.7) 
and 
LA 
Y4 = -jY,. cot 
(ß) 
(3.8) 
3.4: Theory 103 
The reflection coefficient for anti-phase excitation then follows directly as 
where 
Tllo _ 
Yo -Yo (3.9) 
Y. + Yeo 
Yo=Y3+Y4. (3.10) 
The complete solution for the three-port ring is now obtained by summing 
the solutions for in-phase and anti-phase excitations. If the input waves 
producing these excitations are considered to have unit amplitude, then the 
summation will represent a ring with a single input, of twice unit amplitude, 
at port 1. The final solution, in terms of S-parameters will be 
Si i 
Tue + T110 (3.11) =2 
3u 
T21 e+ 
T21 
0 (3.12) =2 
S31 
T33e + T33o (3.13) =2 
= 
Tile - Tito (3.14) 
2 
It should be noted that prior to the summation of the transmission and 
reflection coefficients in 3.11 through 3.14, the coefficients could not be writ- 
ten directly in terms of S-parameters, the reason being that not all of the 
ports in the relevant equivalent circuits were terminated in the same reference 
impedance, which is necessary to satisfy the basic S-parameter definitions. 
This situation arose because the plane of symmetry was taken though one 
port, whose impedance was, in consequence, doubled in the equivalent circuit. 
Once the solutions for the in-phase and anti-phase excitations are added, all 
of the ports have their nominal Z. terminations and the. S-parameter speci- 
fication is valid. 
The ring circuit which has been analysed so far is the basic structure 
involving the minimum port spacings. Clearly additional multiples of the 
ring wavelength may be added between any of the ports without altering the 
discriminator function, or the matching conditions at the centre frequency. 
Inserting additional wavelengths gives the circuit greater flexibility in that the 
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sensitivity of the discriminator response can be altered and space provided in 
the ring to insert additional components such as switched phase shifters. The 
required modification to the theory is straightforward and merely involves 
adding mA, to the appropriate trigonometric arguments, where A. is the 
ring wavelength at the centre frequency and m is the integer number of 
wavelengths that have been added. Of more interest however, is the effect of 
adding arbitrary lengths into the ring. Adding such a length between ports 
1 and 3, for example, would have the effect of displacing the discriminator 
response in frequency and generating an offset voltage at the original centre 
frequency. This would also change the relative position of the input port 
in the ring and, intuitively it will change the impedance and match of this 
port. However, the addition of some arbitrary length will make the circuit 
asymmetric and require some modifications to the analysis. 
3.4.2 Modified even and odd field analysis 
A modified three-port ring, in which an arbitrary path length, x, has been 
added is shown in Fig. 3.6, above. In order to apply the same general method 
of analysis that has been used so far a dummy port is introduced, and a 
solution sought which makes the output at the dummy port zero. The con- 
figuration is shown in Fig. 3.7, p. 105, where port 4 is the dummy port. 
3X/4 +x 
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Figure 3.7: Introduction of dummy port 
The position of this port is chosen so that a convenient plane of symmetry, 
AA', can be established. 
The analysis proceeds in a similar way to that of the previous section. 
Even excitation is achieved by applying in-phase waves of unit amplitude 
at ports 1 and 4, and odd excitation by applying anti-phase waves of unit 
amplitude at the same ports. The equivalent circuits which represent the two 
conditions are shown in Fig. 3.8, p. 106. The circuit shown in (a) of Fig. 3.8, 
p. 106 may be redrawn in a conventional two-port network format as shown 
in Fig. 3.9, p. 106 and where 
Yie = jYtan 
(ß$) 
(3.15) 
Yee = jYtan 
(ß4) 
(3.16) 
The two port network consists of a number of units in cascade and the overall 
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Figure 3.10: Equivalent two-port representation of anti-phase exci- 
tation of ring with dummy port 
performance can be represented in terms of an ABCD matrix where 
Ae Be 1_101[ cosß (4 + x) Zsinß (-'j' + x) 10 Ce De Yi. 1 Y,, sin, 0 (4 + x) cos, ß (4 + x) Y2 1 
(3.17) 
Since the two-port network is connected between source and load impedances 
of Z0, the ABCD matrix may be converted directly to S-parameter notation 
using 
S11 S+12e Ae+Be-Ce-De 2(AeDe-BeCe) 
Ae (3.18) 2 -Ae+Be-Ce+D° S21e S22e 
Ae 
The equivalent two-port network for anti-phase excitation is shown in 
Fig. 3.10, above and where 
Yl, = jY,. cot 
(ß) 
(3.19) 
/ 
Y20 = jY, cot I Q4 (3.20) 
The ABCD matrix then follows as 
\ 
Ao 130 
_10 
cos0 (q -} x) Z, sinß 
(9 +x) 10 
Co Do Y10 1 Yosinß (ä + x) cosß 
(ä + x) Y20 1 
(3.21) 
X/4 +x 
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from which the S-matrix is obtained using the same form of transformation 
given in 3.18. The even and odd field solutions may be added to give the 
following result which represents a single input, of unit amplitude, at port 1. 
Sil = 
Slic + Silo (3.22) 
2 
S21 = 
S21e + S21o (3.23) 
2 
S31 = 
S33e + S33o 
(3.24) 
2 
= 
Slle + S110 (3.25) 
2 
S44 = 
S44e 
- 
S44o 
(3.26) 
2 
Site - Silo (3.27) 
2 
Using these equations an optimum value of x can be found, consistent 
with the requirement that S44 should be zero. The equations will be used in 
a subsequent section to compare measured data with theoretical predictions. 
3.5 Design information 
3.5.1 Discriminator specification 
The discriminator circuits were designed to have a centre frequency of 10Gliz 
and input and output port impedances of 5011. 
3.5.2 Microstrip data 
The test circuits were fabricated on RT/duroid having a substrate thickness 
of 635µm and a relative permittivity of 10.4. The conducting tracks were 
copper and had a thickness of 4.5µm. 
3.5.3 T-junction discontinuity data 
A well established equivalent circuit exits for the microstrip T-junction dis- 
continuity and this is shown in Fig. 3.11, p. 109. The circuit shows how the 
reference planes are displaced from the geometric centre of the junction and 
the shunt capacitance which exists at the centre. However, there is some 
3.5: Design information 
I Al 
Zol 
I 
zog 
A2 I A2 
IA 
1 
(a) Geometry of T-junction 
ý' A 
Al Al 
Irr, 
A1' 1a 10 Al 
(b) Equivalent circuit of T- junta on 
Figure 3.11: Microstrip T-junction 
109 
disagreement between authors about the values of the equivalent line lengths 
shown in (b) of this figure. The following tables give results from two sources, 
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Thomson-Easter Hammerstad and Bekkadal 
la 651im 116fcm 
lb 244gm 548µm 
Figure 3.12: Table of discontinuity data: Zol = 50SZ, Z02 = 7011 
Thomson-Easter Ilammerstad and Bekkadal 
la 38µm 82itm 
lb 174µm 577, cm 
Figure 3.13: Table of discontinuity data: Zal = 501, Z02 = 509 
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namely, the design equations of HAMMERSTAD AND BEKKADAL [16] 
and the results of THOMSON AND GOPINATH [27] and EASTER ET 
AL [28]. In the latter case the authors' results are for slightly different mi- 
crostrip parameters to those used here and some interpolation has been ap- 
plied. DYDYK [30] proposed a compensation arrangement for microstrip 
T- junctions using short matching sections of transmission line to achieve a 
desired minimum mismatch for the junction. In general, the compensated 
junction has the geometry shown in Fig. 3.14, p. 111. Applying Dydyk's 
technique to a symmetrical T-junction with Z01 = 50fl and Z02 = 7011 gave 
the following results at 10GIIz for the substrate previously specified. (The 
significance of the Z02 value will be discussed later. ) 
If the minimum voltage standing wave ratio (VSWR) required is 1.05, 
then 
Zw = 49.91 
©=0.05mm 
Zs = 71.5! 1 
9Z = 0.301mm 
Z. is so close to the port impedance of 50f1 that its effect can be neglected. 
The value of 0, is of the same order as the width of port 1, so that the effect 
of applying the compensation is to produce a wide, shallow slit as shown in 
Fig. 3.15, p. 111. 
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Figure 3.14: Compensated microstrip T-junction (Dydyk method) 
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Figure 3.15: Geometry of compensated microstrip T-junction 
3.5.4 T-junction compensation (Stub method) 
It was seen in Fig. 3.11, p. 109 that the microstrip T-junction can be repre- 
sented in terms of a shunt capacitance at its geometric centre. This capaci- 
tance can be matched out by using an open-circuit stub to provide a shunt 
inductance, having the same susceptance as the junction capacitance. 
For a T-junction with Z01 = 50f2 and Z02 = 70f1 the value of the capac- 
itive susceptance at the junction is, from the expressions of HAMMERSTAD 
AND BEKKADAL [16], 2.68mS at 10GIIz. The stub could be attached to the 
junctions shown in Fig. 3.16, p. 112. In order to minimise the discontinuity 
at the point of attachment of the stub, the stub should have a relatively 
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high impedance. For a stub of characteristic impedance 80f2, the required 
normalised input susceptance is -0.2144. This needs a stub of length 0.467. \, 
or 5.57mm at 10Gllz. The actual stub length will be less than this value, due 
to the open-end fringing effect. Standard open-end discontinuity theory from 
HAMMERSTAD AND BEKKADAL [161 gives the equivalent end-effect 
length as 140µm. Thus the required matching stub length is 5.43mm. 
3.5.5 Single-stub tuner (SST) design 
It has already been established that the three-port ring cannot be simulta- 
neously matched at all three ports. One method of achieving a match at the 
input port, port 1, would be to include a single-stub tuner in the feed line 
to this port, as shown in rig. 3.17, p. 113. Applying the previous theory to 
achieve a minimum mismatch at port 1 gives an input reflection coefficient 
at this port of 0.334/ - 72°. Standard SST theory then gives the following 
nominal tuner dimensions: d=0.248A and 1, = 0.098A. Modifying these 
dimensions to account for the T-junction and open-end discontinuity effects 
gives the following dimensions at 10GIIz: d=2.55mm and 1, = 1.10mm. The 
distances are specified to the geometric centres of the junctions involved. 
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Figure 3.17: Input matching using a single-stub tuner 
3.6 Catalogue of test circuits 
This section provides a catalogue giving full dimensional data of all the test 
circuits used to investigate various aspects of the three port ring. All of 
the test circuits were fabricated on RT/duroid 6010 which had the following 
parameters: 
substrate thickness = 635µm 
substrate relative permittivity = 10.4 
copper thickness = 4.5µm (0.125oz) 
The substrate used was supplied with copper electro-deposited on both sides 
and a conventional photoresist/wet-etching process was used to fabricate 
the circuits. In the table attached to each circuit diagram in the following 
catalogue, data are given for the nominal (design) circuit dimensions and the 
dimensions after etching. The differences are due to mask image spreading 
and undercutting in the etching process. However, the differences are small 
and introduce a negligible percentage error. 
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The tables provide all of the critical dimensions for each circuit. Unless 
otherwise stated the port impedances were 50SZ (corresponding to a track 
width of 584µm) and the ring impedance 70SZ (corresponding to a track 
width of 253µm). The port spacings are specified between geometric centres 
and the circular ring radii as mean distances. 
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CIRCUIT: CCT3.1 DIMENSIONS 
Design Fabricated 
I. rad. 2174µm 2195µm 
13 O. rad. 2428µm 2415µm 
1 -º 2 2895µm 29091im 
2 -* 3 2895µm 2909µm 
1-º2=2-+3=q 1-->3= 4ý 
Notes: Circular three port ring used to investigate the basic three-port ring 
with nominal port spacings. I. rad. & O. rad. = ring inner & outer radii. 
CIRCUIT: CCT3.2 DIMENSIONS 
Design Fabricated 
I. rad. 2144µm 2155µm 
13 O. rad. 22368µm 2376µm 
1 -º 2 2765µm 2770µm 
2-0 3 2765µm 2776µm 
1-º2=2-º3= 4 1-º3= 4a 
Notes: As CCT3.1 but with port spacings modified (reduced) to compensate for 
T-junction discontinuities using interpolated Thomson-Easter data. 
CIRCUIT: CCT3.3 DIMENSIONS 
Design Fabricated 
I. rad. 2050µm 20751im 
3 O. rad. 2304µm 2295µm 
1 -+2 2663µm 2643µm 
2 -º 3 2663µm 2648µm 
1 2=2-+3 4 1-º3= 4A 
Notes: As CCT3.1 but with port spacings modified (reduced) to compensate for 
T-junction discontinuities using Ilammerstad-Bekkadal theory. 
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CIRCUIT: CCT3.4 DIMENSIO NS 
Design Fabricated 
2 
A 4000µm 4007µm 
13 
A 
B 3000µm 3004µm 
B Dý 
b 188µm 182µm 
` 1 -, 2 2702µm 2716µm 
2 -º 3 2702µm 2707µm 
1-º2=2--º3=4 1-º3= 'ý 
Notes: As CCT3.2 but in rectangular format. To compare rectangular 
and circular ring performances. Corner chamfer (b=0.6w) modifies 
mean length around each corner by -631Lm (EASTER ET AL [28]) 
CIRCUIT: CCT3.5 DIMENSIONS 
Design Fabricated 
2 
I. rad. 5801µm 58391im 
O. rad. 6055µm 6087µm 
3 
1 -+2 27651im 2785µm 
2 -º 3 2765pm 2804µm 
1-º2=2--*3=4 1--+3='4 
Notes: Circular three port ring used to investigate the effect of 
including an additional 2A between ports 1 and 3. 
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CIRCUIT: CCT3.6 DIMENSIONS 
Design Fabricated 
1123 
A 11068µm 11149µm 
B 7402pm 7454, um 
d 
1 -º 2 2765pm 2778pm 
2 -º 3 2765µm 27741tm 
B 
Ab 
d 
1100µm 
25 
1090µm 
50µm 2550µm 
b 188µm 182µm 
1 -º22-º3 41 -34 
Notes: Large rectangular ring with matching stub on input port. 
Port spacings modified as in CCT3.2. Stub dimensions compensated 
for T-junction discontinuity and open-end-effect. Ring corners 
chamfered and dimensions modified as in CCT3.4. 
CIRCUIT: CCT3.7 DIMENSIONS 
Design Fabricated 
2 
I. rad. 3985µm 3975µm 
3 O. rad. 4276µm 4275µm 
1 -º 2 2876µm 2942µm 
2 -º 3 2876µm 2933µm 
1-º2=2-º3q 1-'3= qa 
Notes: Medium size three-port ring to be used in conjunction with CCT3.8 
to investigate effect of applying DYDYK [30] compensation - characteristic 
impedance of ring is 62.5SZ. 
3.6: Catalogue of test circuits 118 
CIRCUIT: CCT3.8 DIMENSIONS 
Design Fabricated 
I. rad. 3985µm 3975µm 
x O. rad. 4276µm 4275µm 
2 
jy 
13 
1-+2 
2-+3 
2876µm 
2876µm 
2942µm 
2933µm 
x 85µm 77µm 
y 602µm 578µm 
1 --º2=2-º3= 41 -º3= 
9' 
Notes: Circuit dimensions same as for CCT3.7, but with T-junctions 
modified according to DYDYK [30] theory. Circuit 
designed to give a minimum input VSWR ofl. 05. 
CIRCUIT: CCT3.9 DIMENSIO NS 
Design Fabricated 
123 
A 11200µm 11160µm 
B 7500µm 7481µm 
B 
1 -+ 2 2895µm 2918µm 
2--+3 2895µm 2921µm 
1-42=2-+3 1-º3=i4 
Notes: Large rectangular ring to be used in conjunction with CCT3.10 
to investigate effect of stub matching each T-junction to compensate 
for junction shunt capacitance. Corners chamfered/compensated as in CCT3.4. 
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CIRCUIT: CCT?. 10 DIMENSIONS 
Design Fabricated 
123 
A 11200µm 11160µm 
B 7500pm 7481µm 
lsi 1,2 1,3 
B 
1 -º 2 2895µm 2918µm 
2 --º 3 2895µm 2921, um 
1,1 5430µm 5453µm 
A 
1.92 5430µm 5450µm 
1,3 5430µm 5450µm 
1-º2=2-º3= 4 1--º3g 
Notes: Circuit dimensions as for CCT3.9 but with matching stubs 
connected to each junction. Stub characteristic impedance 
designed to be 8052 to give a narrow (178pm wide stub 
and so minimise stub junction discontinuity. Stub compensated for 
open-end effect - equivalent to 1411im. 
CIRCUIT: CCT3.11 DIMENSIONS 
Design Fabricated 
HFw1 
wl 584µm 594µm 
23 wZ 5841Lm 598µm 
W3 5841Lm 598µm 
W2 W3 
Notes: T-junction formed from 5012 microstrip lines. To be 
used in conjunction with CCT3.12 and CCT3.13 to investigate the 
influence of stub position when stub matching a microstrip T-junction 
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CIRCUIT: CCT3.12 DIMENSIONS 
Design Fabricated 
w wl 584µm 594µm 1 
W2 584µm 598µm 
23 w3 
584µm 598µm 
w w 
1, 5430µm 5450µm 
2 3 
w 
15 
s 
w, 178µm 190µm 
CIRCUIT: CCT3.13 DIMENSIONS 
Design Fabricated 
w1 584µm 594µm 
Wl w2 584µm 598µm 
WW 
w3 584µm 598µm 
, \\3 
lsz 1,1 5608µm 5589µm 
2 182 5608µm 5619µm 
W w w, 
178µm 174µm 
z 3 0 45° 
Notes: Matching stubs positioned in re-entrant corners of 
T-junction. Sub lengths designed on basis that the two stubs effectively 
act in parallel to cancel the shunt capacitance of the T-junction. 
3.7 Measurement conditions 
3.7.1 Equipment 
Measured data were obtained using an lip 8410 Network Analyser. The 
practical discriminator responses for the three-port networks were obtained 
by taking the difference in the magnitudes of the measured values of S21 and 
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S31, thereby eliminating any errors associated with the differential amplifier 
which would be used to sum the outputs in practice. Reflection coefficients 
were obtained directly from return loss measurements. 
For testing, the microstrip circuits were mounted on a standard OSM1 
test fixture and connections to the tracks made using coaxial-to-microstrip 
transitions. This is not the ideal method of mounting because the measure- 
ments then include errors associated with the assembly onto the jig of the 
coaxial-to-microstrip transition. However, this method is necessary in order 
to make three simultaneous connections to the circuit, which precludes the 
use of a Wiltron jig. 
3.7.2 Compensation for coaxial-to-microstrip transitions 
Measurements of reflection coefficient using the jig described in the previous 
section involve de-embedding the circuit from the test fixture, i. e. trans- 
ferring the measurement at the face of the coaxial connector through the 
connector to the port of the three-port ring. This transfer requires a knowl- 
edge of the reflection and transmission coefficients of the launcher. It is well 
known that coaxial-to-microstrip launchers are a source of mismatch and, fur- 
thermore, that they exhibit some excess phase associated with the coaxial- 
microstrip field discontinuity. The excess phase in this type of launcher, 
together with the techniques for its measurement are given in CHAPMAN 
AND AITCHISON [31] and GOURLEY AND CHAPMAN [32]. 
The launchers used for the measurements here were Omni-Spectra Type 
14107A, for which the manufacturer quotes a maximum VSWR of 1.1 at 
10GIIz. It is reasonable to assume that the mismatch occurs primarily at 
the launcher tab/microstrip interface and therefore by transforming the mea- 
sured reflection coefficient to this plane, superposition can be applied to ob- 
tain the unknown (three-port ring) reflection coefficient. It will be assumed 
that only first order reflections are significant, since the mismatch of the 
launcher is relatively small. A more exact result could be obtained summing 
the effects of the multiple reflections between the launcher and the ring, using 
convergent series theory. But since all the terms of this series will necessar- 
ily involve at least third order products of the launcher and ring reflection 
IOSMTM is the trade-mark of Omni Spectra Inc 
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Figure 3.18: Coaxial-to-microstrip launcher compensation 
coefficients, the effects will be negligible. 
Fig. 3.18, above shows the disposition of the reference planes for the de- 
embedding procedure. If it is assumed that the reflection coefficient of the 
launcher is negligible then the measured reflection coefficient, pmeas, is related 
to the reflection coefficient of the ring, pcct, by 
1 2(0111+0. ) ý1 Pcct = Pmeas LZ e 
3.28) 
where 
/31 = phase propagation constant for launcher 
Oe = excess phase due to launcher 
L= launcher transmission loss factor 
the other parameters being defined in Fig. 3.18, above. The values of Ql and 
11 can be found directly from measurements on the launcher, together with a 
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knowledge of the relative permittivity of the dielectric in the coaxial portion 
of the launcher. In practice, these two parameters may need to be split 
into two, to represent the air and dielectric filled portions of the launcher. 
The value of excess phase is not normally provided by the manufacturer and 
has to be measured. In the present work, the excess phase of the launchers 
being used was measured using the technique described in GOURLEY AND 
CHAPMAN [32]. 
3.8 Results and discussion 
For convenience, this section is divided into two sections, the first dealing 
with some of the theoretical aspects of the three-port ring, and the second 
with comparisons between theory and measured data. 
3.8.1 Comments on theoretical results 
The theoretical discriminator response plotted in Fig. 3.19, p. 124 shows 
some asymmetry about the centre (design) frequency. This asymmetry does 
not impose any serious limitations on the use of the device in discrimina- 
tor circuits, since a differential amplifier would normally be used to combine 
the detected signals from the two output ports of the ring and appropriate 
compensation could be applied. It can be observed from Fig. 3.19, p. 124 
that the response is quasi-linear over a 20% bandwidth centred on the design 
frequency, which compares well with other microwave discriminator arrange- 
ments. The sensitivity of the characteristic, i. e. the rate of change of output 
signal with frequency, would be expected to increase with the size of the ring. 
This is verified by the theoretical responses shown in Fig. 3.20, p. 125. This 
figure also shows the cyclic variation of output level with frequency, which 
would be expected since the output is proportional to the cosine of the ef- 
fective delay introduced between ports 1 and 3. It also follows therefore that 
increasing the sensitivity will decrease the useful bandwidth of the circuit. 
As discussed in the introduction, it is intended that a switched phase shifter 
be introduced into the delay line discriminator, so as to provide offset volt- 
ages for controlling the frequency of an oscillator. In the three-port ring the 
effective delay path is that between ports 1 and 3. Fig. 3.20, p. 125 shows the 
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Figure 3.19: Theoretical discriminator response for a three-port ring 
with normal port spacings of A/4, A/4 and 3A/4. 
effect of introducing 10° phase changes between ports 1 and 3. It can be seen 
that the discriminator function is maintained as the phase is changed and 
that an offset voltage is produced at the centre (10GHz) frequency. This off- 
set voltage is proportional to the phase change. Thus by including a switched 
phase changer, such as the single PIN diode arrangement described in the 
previous chapter, the three-port ring could be used to control the frequency 
of an oscillator whilst maintaining low-noise performance. It is worth noting 
from Fig. 3.20, p. 125 that the non-linearity between the offset voltage and 
the phase changes, which is apparent at 10GHz, could be removed by apply- 
ing a positive DC offset in the system. This would provide a more linear and 
more sensitive variation of output voltage around IOGllz, as well as yielding 
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Figure 3.20: Effect of introducing 10° steps from -40° to +40° into 
separation of ports 1 and 3 in a three-port ring with nominal port 
spacings of. 1 -º 2=2 -º 3=4 and 1 --' 3 -- lä 
a quasi-linear relationship between the changes in output voltage and the 
changes in phase. 
A three-port ring with port spacings of A/4, A/4 and 3A/4 + mA does 
not produce an input match at the centre frequency when the output ports 
are terminated in 50f. A computer analysis, based on the previous theory, 
showed that the optimum value of ring impedance was 7052, which gave 
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an input VSWR of 2 at 10GIIz. In order to achieve a perfect match it is 
necessary to introduce a stub into the input port. The use of a single stub 
would be expected to make the device relatively narrow-band and this is 
verified by later results. The inclusion of a matching stub does not alter the 
status of the device as a three-port network, since there are still only three 
accessible, dissipative ports. There is no conflict, when seeking conditions 
to match this device with the three-port network theorem which states that 
'a lossless, reciprocal three-port network cannot be simultaneously matched 
at all three ports'. Reciprocity in this theorem implies that Smn = Snm 
where m and n denote arbitrary ports in a three-port network. A three- 
port ring with a matching stub does not exhibit symmetry about the three 
ports and S,,, n 54 Snm. Consequently a perfect match is theoretically possible 
without violating the three-port network theorem. Indeed, with the correct 
separations, a match is theoretically possible in a three-port ring structure 
which does not include a matching stub. An example of this situation is 
the conventional four-port hybrid ring in which the isolated port has been 
removed. Test circuit CCT3.14 shows the conventional hybrid ring layout. 
If port 1 is the input port, it follows from standard theory that there will be 
zero output from port 3, which could therefore be removed without altering 
the circuit conditions. A hybrid ring could thus be converted to a three-port 
device which is matched at all three ports. Measurements shown in Fig. 3.21, 
p. 127 support this argument, by showing that there is no significant change 
in the input match when the isolated port is either open-circuited or removed 
altogether. Thus, over a limited frequency range, the converted hybrid ring 
will function as a matched, lossless power splitter and provides an economic 
alternative to the Wilkinson power splitter, which requires a load to simulate 
a fourth port with a consequent loss of power. The obvious limitation of the 
three-port power splitter, compared to the Wilkinson device, is its limited 
bandwidth. 
The conditions, i. e. port spacings, which provide the matched arrange- 
ment of the hybrid ring are not consistent with those for obtaining frequency 
discrimination. The modified theory presented earlier for a three-port ring 
with the input port (1) in an arbitrary position was developed to enable an 
optimum position for this port to be found which would provide a simulta- 
neous match on all three ports. It was not straightforward with this theory 
3.8: Results and discussion 
0.5 
Isill 
0.4 
0.3 
0.2 
0.1 
FREQUENCY (CHz ) 
127 
0 
C 
Figure 3.21: Measured data showing the effect of open-circuiting 
or removing the 'isolated' port in a conventional four-port hybrid 
ring. 
to find such a solution which would isolate the dummy fourth port, and it 
must be concluded that the three-port ring will always exhibit some input 
mismatch. 
A significant difference between the three-port ring discussed in this chap- 
ter and the conventional four-port hybrid ring is that reflections which arise 
at the T-junction discontinuities do not cancel at the input port as they 
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do in the hybrid ring. Thus the investigation of the three-port circuit re- 
quires the effects, characterization and compensation of the T-junctions to 
be considered. However, there are some problems in performing a theoretical 
analysis in terms of the reflections due to T-junction discontinuities. The 
circuit analysis approach which has been adopted in the earlier sections can- 
not accommodate the effect of multiple reflections in the ring which occur 
due to the T-junction mismatches. A possible alternative approach would 
be to consider the propagation of a wavefront around the ring, and to use a 
convergent series to sum the reflections which occur. This would be a cum- 
bersome method of analysis and is limited by the information available on 
the T-junctions. Whilst there is a significant amount of information in the 
literature on the magnitudes of the circuit coefficients describing microstrip 
T-junctions, such as that given by MEHRAN [29], there is a lack of data on 
the phase behaviour of these junctions. However, since there are some well 
established equivalent circuits for this type of junction it should be possible 
to extend the published data to include the phase responses, and this would 
seem to be the next logical step in developing the ring theory. 
3.8.2 Comparison between measured and theoretical 
data 
The measured discriminator responses shown in Fig. 3.22, p. 129 for small 
circular rings were unsatisfactory. While the responses exhibit the general 
trend of the theoretical response a significant distortion, in the form of a 
knee, was evident in the characteristics in the vicinity of the zero crossing 
points. Several circuits were measured and all showed the same effect. There 
are three possible explanations for this distortion: (i) a resonance within 
the ring whose frequency is dependent upon the port spacing - this would 
be consistent with the measured responses showing the distortion occurring 
in the same relative position for the three rings of slightly different sizes; 
(ii) a peculiarity associated with curvature effects and not allowed for in the 
theory; (iii) a resonance determined by the whole structure, analogous to 
resonance in a circular disc. Measurements, Fig. 3.23, p. 130, on a small 
rectangular ring having the same port spacing as the basic circular ring did 
not show the same distortion, which suggests that the effect is not caused 
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Figure 3.22: Comparison between measured and theoretical data for 
small circular three-port rings 
by non-cancelling reflections producing a resonance associated with the port 
spacings. This conclusion is further supported by measurements, Fig. 3.24, 
p. 131, on a larger circular ring where one of the port spacings has been 
increased by a multiple of A. In this case the measured results do not show 
any distortion in the vicinity of the zero crossover. The practical results here 
show good agreement with the theoretical response, although there is a slight 
displacement in frequency of the measured data. Similar differences between 
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Figure 3.23: Comparison between measured and theoretical discrim- 
inator responses for small rectangular three-port ring 
the performance of the small and large circular three-port ring can be seen 
in Fig. 3.25, p. 132 and Fig. 3.26, p. 133 where the magnitude of the input 
match is plotted as a function of frequency. Again, there is relatively good 
agreement between the measured and theoretical data in the centre of the 
frequency band for the large ring, but poor agreement for the small ring. 
Curvature effects would normally alter the effective relative permittivity 
of the microstrip ring, which would cause a change in the ring wavelength and 
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Figure 3.24: Comparison between measured and theoretical discrim- 
inator responses for a large circular three-port ring 
could account for the measured and theoretical responses being displaced in 
frequency. OWENS [34] has investigated curvature effects in ring resonators 
and his results indicate that, for the combinations of track widths and ring 
diameters used here, the curvature effect is negligible. The most plausible 
explanation would seem to be that there is a resonance associated with the 
overall structure of the small rings. This argument is supported by mea- 
surements on larger circular rings, which do not show this effect, and where 
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Figure 3.25: Comparison between measured and theoretical input 
match for small circular three port ring 
the coupling across the ring would be small. The small rectangular ring 
tested did not show the effect, but then neither of the principal dimensions 
was equal to the diameter of the small circular rings. However, the practi- 
cal significance of this distortion in small circular rings is not serious since 
the small rectangular version performs satisfactorily, and is the easier shape 
to fabricate. Indeed, larger rings are potentially more useful in that they 
give increased discriminator sensitivity and the increased size permits the 
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Figure 3.26: Comparison between measured and theoretical input 
match for large circular three port ring 
inclusion of switched phase shifters. 
The results presented in Fig. 3.22, p. 129 also show how the responses are 
displaced in frequency due to the port spacings being modified to account 
for the T-junction discontinuities. It would be expected that a relatively 
small change in the port spacings would cause a significant displacement of 
the discriminator zero crossing point. For example, a change of 50µm in 
a nominal )/4 spacing at 10GIIz represents a change in the zero crossing 
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point of 173MHz. If the working region of the discriminator is to be de- 
fined on the frequency axis with reasonable precision it is clearly necessary 
to establish the exact port separations. This requires an accurate knowledge 
of the equivalent line lengths associated with the T-junction equivalent cir- 
cuits. The 50µm value used in the above example is the order of difference 
between the equivalent line lengths given by EASTER ET AL [28] and by 
HAMMERSTAD AND BEKKADAL [16]. Fig. 3.22, p. 129 indicates that 
Easter's results give the best agreement with theory for the crossing points. 
The Easter values were subsequently used for rings with better behaved re- 
sponses and, in general, good agreement between theory and measurement 
was obtained. In the case of a large rectangular ring it was found that the 
difference was 0.051GI1z, which was close to the limits imposed by experi- 
mental error. The observed effects in respect of equivalent line lengths seem 
to accord with the comments made by EDWARDS [33] who cites a pri- 
vate communication from HALL and JONES who apparently found that the 
HAMMESTAD AND BEKKADAL [16] semi-empirical expressions gave 
values for the T-junction equivalent circuits which were too high when com- 
pared with their measurements. It was claimed that this error increased with 
frequency and approached 200 per cent at 17GIIz. 
The measured discriminator responses for rectangular rings, Fig. 3.23, 
p. 130 and Fig. 3.27, p. 135, show good agreement with theory in the cen- 
tre of the X-band range. Fig. 3.28, p. 136 shows an expanded discriminator 
response for a large rectangular ring over a 10 per cent central bandwidth. 
It shows an error of 0.5 per cent in the zero crossing point and there is 
a standard deviation of 0.02 between the measured and theoretical values. 
The error of 0.5 per cent in the crossing point would be acceptable for many 
discriminator applications, although the significance of small errors in the 
crossing point in the context of the frequency control system being consid- 
ered in this report will be discussed in a later section. The measured data 
shows less agreement with theory towards the edge of the band and this may 
be due to interactions between the expected mismatch of the ring and mis- 
matches due to discontinuities. Fig. 3.29, p. 137, which compares measured 
and theoretical input reflection coefficients for a small rectangular ring, shows 
evidence of secondary, frequency selective mismatches through the existence 
of a ripple in the response. The results, Fig. 3.30, p. 138, for the input match 
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Figure 3.27: Comparison of measured and theoretical discriminator 
responses for a large rectangular three-port ring with input stub 
matching 
of a large rectangular ring, show reasonable agreement between theory and 
measurement. A further improvement was obtained, Fig. 3.31, p. 139, by 
compensating the measured input match data to allow for the OSM coaxial- 
to-microstrip launcher discussed in an earlier section. The compensation was 
based on measurements of the launcher's excess phase, shown in Fig. 3.32, 
p. 140 and the manufacturer's VSWR data. 
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Figure 3.28: Comparison of measured and theoretical discriminator 
responses for a large rectangular three-port ring with input stub 
matching: shows detail of central frequency region (CCT3.6) 
The measured excess phase was in general agreement with the results of 
GOURLEY AND CHAPMAN [32]. A launcher VSWIt of 1.1 was assumed, 
based on the manufacture's quoted maximum value at 10GIiz. This value 
is obviously a potential source of error and an additional improvement in 
the results may be obtainable if a measured value of launcher VSWR could 
be found. A further source of error relating to launcher compensation is 
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match for a small rectangular ring 
the reproducibility of the launcher connection. This problem was addressed 
by GOURLEY AND CHAPMAN [32], but only in respect of connections 
to Alumina substrates. The problem is considerably accentuated when soft 
substrates such as RT/duroid are being used. As was mentioned earlier, all 
of the practical circuits reported here were made on this particular soft sub- 
strate. A difficult compromise has to be achieved when assembling tab type 
launchers on this type of substrate, between obtaining a good electrical con- 
f 
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match for a large rectangular ring 
tact and damaging, or even shearing, the end of the copper microstrip track. 
Clearly, if the assembly of the launcher on the test circuit is not equivalent, in 
mechanical terms, to the assembly on the launcher characterization circuit, 
the method is prone to error. It would be useful to investigate the extent to 
which track and substrate deformations affect the parameters of the launcher 
equivalent circuit. In Fig. 3.31, p. 139 it is seen that the compensated data 
not only improves the best match value, to 0.04, but gives a better overall fit 
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Figure 3.31: Comparison between theoretical and measured input 
match for a large rectangular ring, showing the effect of compen- 
sating for the discontinuity introduced by the launcher in the test 
jig 
to the predicted response, which indicates the usefulness of this compensation 
technique. 
In an attempt to minimise reflections in the ring due to the T-junctions, 
circuits were tested which included modifications to the microstrip geometry 
to compensate for the junction discontinuities. Two compensation methods 
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microstrip transition (OSM-14107A) 
were investigated: firstly, the method described by DYDYK [30] and sec- 
ondly, simple stub compensation. Fig. 3.33, p. 141 compares the match of a 
circuit with and without the Dydyk compensation. It can be seen that there 
is little difference between the two sets of measured data over the central 
range, although the compensated results gave a marginally better fit to the 
theoretical response. Towards the edge of the frequency range measured, the 
compensated circuit showed a greater deviation from the predicted response, 
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Figure 3.33: Comparison between measured and theoretical input 
match for a medium size circular three-port ring, showing the effect 
of introducing T-junction compensation using the Dydyk technique 
presumably due to the frequency sensitive nature of the Dydyk modification. 
Whilst the Dydyk method indicates some slight improvement, the results are 
not impressive. The reason for this may be related to some aspects of Dy- 
dyk's method which seem unsatisfactory. As indicated in the earlier section 
on compensation techniques, this method changes the geometry of the T- 
junction by introducing what are effectively short matching sections of line. 
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Thus the parameters of the original T-junction change when the compen- 
sation is applied, making the use of the original design parameters (for the 
unmodified junction) invalid. This in not taken into account in Dydyk's the- 
ory, which seems to require a more extensive analysis involving an iterative 
procedure. Moreover, Dydyk's paper does not give dimensions, or substrate 
details, relating to the test circuits for which he quotes results. Thus the 
test results cannot be confirmed. To achieve the general configuration given 
in Dydyk's paper for a compensated junction, and reproduced in Fig. 3.14, 
p. 111, a low permittivity substrate would be required. The extension of the 
technique to high permittivity materials, with the consequent reduction in 
substrate wavelength, is questionable as it leads to the somewhat distorted 
re-entrant shape described earlier. It is unlikely that this is behaving in the 
intended manner. Dydyk gives results for two circuits which include junc- 
tion compensation, a single pole, double throw (SPDT) switch and a branch 
line coupler, which are unconvincing. The SPDT switch results show an in- 
sertion loss varying between 1dB and 3dB, between 15.5GIIz and 17.5GIIz. 
Such a large variation, together with what seems a higher order of loss for 
a switch at these frequencies, would tend to swamp the mismatch losses due 
to the T-junction. It would have been more illuminating, in assessing the 
effectiveness of the compensation technique, if the results had, been presented 
for the the circuit with and without the junction modification. The branch 
line coupler also seems a poor choice of circuit to demonstrate the technique, 
since reflections due to the T-junctions would tend to cancel by virtue of the 
\/4 spacings between the junctions. As with the SPDT switch, the results 
do not show the improvement due to the modification. EDWARDS [33] 
and GUPTA ET AL [36] both cite the Dydyk method as a useful technique, 
although neither author gives any further results or applications. It would 
seem useful to investigate the validity of the Dydyk method over a wider 
range of frequency and for substrates of different permittivities. 
An alternative compensation technique is possible, using stubs to cancel 
the junction shunt susceptances in a rectangular three-port ring. The results 
for the match of the ring, with and without stubs, are shown in Fig. 3.34, 
p. 143. As with the Dydyk method there was little difference over the cen- 
tral frequency range due to the presence of the stubs, but some difference is 
evident at the band edges, presumably due to the frequency sensitive nature 
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Figure 3.34: Comparison between measured and theoretical input 
match for a large rectangular three-port ring, showing the effects 
of applying stub compensation to each junction 
of the modification. The stub compensation technique is open to the same 
criticism as the Dydyk method, namely that the presence of the stubs alters 
the properties and hence the design parameters of the original junction it 
is intended to compensate. In this case a crossover junction is created. To 
minimise the effect of the connection discontinuity the stub impedance in the 
test circuits was made 80Q, which required a stub width of178µrn, which was 
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small compared to the other dimensions of the junction, and so should not 
significantly alter the electromagnetic field pattern in the vicinity of the main 
junction. AKELLO [35] has presented experimental data for an asymmetric 
microstrip crossover junction of similar geometry to that produced here by 
the addition of stubs in the ring. His results indicate that the arrangement 
can produce a significant capacitance shunt susceptance. However, insuf- 
ficient data are available to interpolate a precise value appropriate to the 
dimensions of the junction formed here by the addition of the 8052 stub. If 
the correct value of the crossover discontinuity capacitance were known it 
should be possible to modify the stub length to provide a frequency match. 
Since the stubs appeared to have little effect on the performance of the 
ring, some additional measurements were made on individual, 50f1 - 5011 
compensated T-junctions to establish the effectiveness of the stub technique. 
It was thought possible that the stub might not be having any significant 
effect because of its position, on the basis that the junction could produce 
a standing wave pattern with a minimum opposite the junction arm. This 
being the position at which the stub was attached. To investigate this, two 
stubs giving the same total susceptance as the single stub already designed 
were positioned in the re-entrant corners of the T-junction, where the field 
is known to be significant and hence where there should be significant inter- 
action with the stub. Fig. 3.35, p. 145 through Fig. 3.37, p. 147 compare 
the results for the two stub arrangements which have been discussed. They 
show that for the junction arm (port 1) the two techniques provide a similar 
improvement at the centre frequency, and give a reflection coefficient of mag- 
nitude 0.35. This is close to the ideal junction, which would cause two 5011 
impedances to be presented in parallel to port 1, giving a reflection coefficient 
of magnitude 0.33. The results show that the crossover stub had little effect 
on the mismatch in the through arm ports, but some improvement was ob- 
tained in the match of these ports using the re-entrant stubs. At IOGIIz, for 
the dual stub arrangement, the magnitudes of S22 and S33 were 0.21 and 0.24 
respectively. Experimental error could reasonably account for the difference 
in these values. These values would be expected to be significantly different 
from the ideal value of 0.33 calculated previously, since the junction viewed 
from the through arm ports is asymmetric. Overall, the re-entrant stubs 
appear to give the best compensation. However, the method has not been 
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Figure 3.35: Measured data showing effects of different matching 
stub configurations on the magnitude of S11 of a T-junction 
discussed in the literature and would seem worthy of further investigation. 
Some further measurements were made on single stub matching of a T- 
junction, to see if a match could be found experimentally by varying the 
stub length. Effectively this would be experimentally finding the shunt ca- 
pacitance of the asymmetric crossover discussed earlier. These results are 
shown in Fig. 3.38, p. 148 and Fig. 3.39, p. 149. It can be seen that a rea- 
sonable compromise between a match on the junction arm and a match on the 
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Figure 3.36: Measured data showing effects of different matching 
stub configurations on the magnitude of S22 of a T-junction 
through arm is obtained with a stub length of 4.30mm. This is not an exact 
solution since the stub lengths for experimentation were selected arbitrarily, 
but it does indicate the order of the stub length required, and incidentally 
the order of the shunt capacitance provided by the crossover junction. The 
performance overall, with this 'optimum' stub length, is slightly inferior to 
that provided by the re-entrant stubs. 
It is seen that the best stub length is less than the 5.35mm predicted by 
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Figure 3.37: Measured data showing effects of different matching 
stub configurations on the magnitude of S33 of a T-junction 
applying the theory of HAMMERSTAD AND BEKKADAL [16] to find 
the shunt discontinuity susceptance of the T-junction. This theory gave a 
value of 2.17x10-3S, whereas data from EASTER ET AL [28] gives a value 
of 1.21x10-3S which requires a slightly longer length of 5.43mm. It is worth 
noting that both sources quote reasonably large tolerances for this shunt 
susceptance, Iiammerstad and Bekkadal 5 per cent, and Easter 12 per cent. 
Therefore it would appear that, even with a very narrow stub, the crossover 
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Figure 3.38: Effect on S11 of experimentally varying the length of a 
single stub used to match a T-junction 
effect cannot be ignored. 
3.9 Conclusions 
The proposed three-port discriminator structure has been shown to yield 
useful, predictable results. In addition, it has been show that it is possible to 
match the device at the centre frequency. Measurements have shown good 
3.9: Conclusions 
1r 
sul ° 
0.8 o0 
IK ° co 
0.6 IK 0 
149 
+ stub length _ 5.35mm 
11.3omm 
CCT3.1L 
3.86mm 
= 3.35mm 
o 
o x' o K o 0 
0 0 0 0 
0.4 p o + 0 ýE X a 0 K 0 
+ X   o v a o 
+ ý f D ® } + + Q 
+ p 
0'2 0 0 
8 8.5 9 9.5 10 10.5 11 11.5 12 
FREQUENCY(GHz) 
Figure 3.39: Effect on S22 of experimentally varying the length of a 
single stub used to match a T-junction 
agreement with theory over a 20 per cent bandwidth centred on 10Gfiz. The 
compensation for coaxial-to-microstrip launcher discontinuities in the test 
jig, making allowance for the excess phase of the launcher, was shown to be 
a useful technique. 
In order to obtain good agreement between measured and theoretical 
discriminator responses, careful consideration needs to be given to the non- 
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ideal properties of the microstrip T-junctions in the ring. It was necessary, 
in the design of the port spacings, to include equivalent line lengths to ac- 
count for the effective shift in the geometric centres of the junctions due to 
discontinuity effects. The data from EASTER ET AL [28) for the equiva- 
lent line lengths was found to yield better agreement between measured and 
theoretical results than using the expressions from HAMMERSTAD AND 
BEKKADAL [16]. 
Multiple reflections in the ring were identified as a possible source of error, 
but the analysis is inhibited by the lack of data on phase behaviour of the 
transmission and reflection coefficients of the microstrip T-junctions. 
The DYDYK [30] method of compensation for microstrip T-junctions 
did not give any observable improvement in performance of the discriminator. 
Upon closer examination it appears that Dydyk's theory needs to be refined 
to include the effects of changes in the junction geometry. It also appears 
that Dydyk's method is limited, both in respect of the frequency range for 
which it is suitable and the type of substrate on which it can be implemented. 
Of the stub compensation methods investigated, it would appear that the use 
of two re-entrant stubs is the most promising. 
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Chapter 4 
Extended Analysis of 
Microstrip Ring Circuits 
4.1 Summary 
A new method of analysis of microstrip ring structures is presented, which of- 
fers a number of advantages over the traditional method which was described 
in the preceding chapter. The odd and even circuit approach discussed in the 
last chapter is somewhat restrictive in that it can only be applied to circuits 
where there is geometric, and hence electrical symmetry. There are some 
circuit components, such as the three-port ring, where this symmetry may 
not exist. Whilst this problem can be overcome in asymmetric structures by 
introducing one or more dummy ports to create symmetry, and then seek- 
ing solutions using the odd and even circuit analysis which make the signals 
at these ports zero, the method is cumbersome and time consuming. Fur- 
thermore, this method of approach is not particularly amenable to computer 
analysis. 
In this chapter theoretical results are presented which demonstrate the 
use of the new technique in analysing symmetric and asymmetric three-port 
ring discriminators. In addition, for the purposes of validation, the method 
has been applied to the traditional four-port hybrid ring and the results 
compared to the well-known frequency responses for this component. 
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Figure 4.1: Three-port ring structure, with arbitrary port spacings, 
showing current nomenclature 
4.2 General method of analysis 
The new approach involves summing the currents at each port of the network 
and then relating the individual currents by the transmission coefficients 
between and through the various circuit nodes. Thus a set of equations can 
be generated, from which the ratio of any two input or output currents can be 
found. Fig. 4.1, above shows a three-port ring, with arbitrary port spacings, 
labelled with the currents entering and leaving each node. The suffices of 
the current terms indicate the port (1,2 or3) of each junction (A, B or C) and 
the direction of current flow, where F represents the incident wave and R the 
4.2: General method of analysis 
Figure 4.2: Transmission coefficients for each junction 
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reflected wave. Thus, summing the currents at the three junctions A, B and 
C gives 
(I1AF 
- 
IIAR) + (I2AF - 
12AR) + (I3AF - 
I3AR) =0 (4.1) 
(IhBF 
- 
I1BR) + (I2BF - I2BR) + 
(I3BF 
- 
I3BR) _0 (4.2) 
(11CF 
- I1CR) + 
(I2CF 
- I2CR) + 
(13CF 
- 
13CR) =0 (4.3) 
The transmission through each symmetrical junction can be represented 
in terms of the complex transmission coefficients al and a2 which are defined 
in Fig. 4.2, above. If it is assumed that ports 2 and 3 of each junction are 
correctly matched to the ring, and that the reflection coefficient at port 1 of 
each independent junction is pi, then we have three sets of equations which 
specify the transmission through the three ports, namely 
I1AR = P1IiAF + a112AF + a1I3AF (4.4) 
I2AR = a1I1AF + a213AF (4.5) 
I3AR = a1I1AF + a2I2AF (4.6) 
2 
«2 
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IIBR = PII1BF + a1I2BF + a1I3BF 
(4.7) 
I2BR = a1I1BF + a2I3BF (4.8) 
I3BR = a1I1BF + a2I2BF (4.9) 
I1CR = P1I1CF + a1I2CF + a1I3CF (4.10) 
I2CR = alIICF + a2I3CF (4.11) 
I3CR = a1I1CF + a2I2CF (4.12) 
Finally, we can generate a set of equations to represent propagation be- 
tween the ports around the ring. Thus we have, in terms of the phase prop- 
agation constant, ß, for the ring 
I2AF = I3BRe-jox (4.13) 
I3BF = 12ARe-'Qx (4.14) 
I2BF = I3CRe-'Qv (4.15) 
I3CF = I2BRe-joy (4.16) 
I2CF = I3ARe-''Qz (4.17) 
13CF = I2cRe-2Qz (4.18) 
The set of linear equations, 4.1 through to 4.18, enable the ratio of any two 
input or output currents to be obtained, either through the use of a standard 
computer program designed to solve sets of linear equations or through simple 
successive substitution. 
The method does not contain any inherent restrictions, either in the geom- 
etry of the ring or in the signal match at the various ports. For example, if 
we wish to include the effect of mismatch at ports 2 and 3 of each junction 
then equations of the form of 4.5 and 4.6 can be modified as follows 
12AR = a1I1AF + a213AF + P2I2AF (4.19) 
13AR = a1I1AF + a2I2AF + P3I3AF (4.20) 
where p2 and p3 are the junction reflection coefficients at ports 2 and 3 respec- 
tively. Furthermore, if we wish to consider the effects of a non-uniform ring, 
i. e. interconnecting the ports with microstrip lines of different geometries, 
this is simply a matter of using the appropriate values of ß in 4.13 through to 
4.18, and making the necessary corrections to the reflection coefficient values. 
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4.3 Three-port ring discriminator 
Since the three-port ring discriminator is the ring structure of primary in- 
terest for the present work, the equations are developed in more detail to 
represent this circuit. 
For the the basic three-port ring discriminator described in chapter 3, 
the port spacings are such that, referring to Fig. 4.1, p. 152, x=y= . 1/4 
and z= 3A/4. Also for a single input to the ring through port A, we have 
h BF = IlCF = 0, where it is assumed that ports B and C are correctly 
matched. Then, summing the currents at port B gives 
-IlBR + 
12BF - 
I2BR + I3BF - 
I3BR =0 (4.21) 
i. e. 
-I1BR+a2I3ARe-. 
94ßA014-a2I2ARe-. 9QauI9+I2ARe-. 7Aaol4-022I3ARe-14/jaol4 = 
(4.22) 
then putting, for convenience, 0= 6Ao/4 we have 
-IIBR+ a2(1 - az)I3ARe-'4" + (1 - as)I2ARe-. 
im =0 (4.23) 
Similarly, summing currents at junction C gives 
i. e. 
-'LCR + I2CF - I2CR + J3CF -'3CR =0 (4.24) 
-I1CR + I3ARe J3ß - cx2212ARe-22' + a212ARe-j2O -c 213ARe-J3o =0 
(4.25) 
hence 
-IlCR + (1 - a2)I3ARe-'3O + a2(1 - a2)I2ARe-920 =0 
(4.26) 
At junction A we have 
giving 
I3AR = a1I1AF + a2I2AF 
(4.27) 
= a1I1AF '+' a23I3ARe-j-50 
(4.28) 
I3AR = al(l - u23e-15g5 
)-1I1AF (4.29) 
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Also at junction A 
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I2AR = &1I1AF + 02I3AF (4.30) 
= a1I1AF + a2I2ARc '5' (4.31) 3 
giving 
I2AR = al(1 - a23C-75O)-1I1AF 
(4.32) 
Substituting from 4.29 and 4.32 into 4.23 gives 
-IiBR+a2(1-a2)al(1-a2e-j5o)-le-j4<k IiAF+(1-az)ai(1-aZe-j5O)-ie-j'kIlAF =0 
(4.33) 
which can be re-arranged to give 
Il-R 
_ l(1 - a2)(1 - ate-15')-'(a2 e-j4 + e-1m) (4.34) I1 AF 
Substituting from 4.29 and 4.32 into 4.26 gives 
-IICR+CII(1-a2)(1-ate-j5q5 )-le-j3'5IAF+a2(1-a2)ai(1-aäe-'SO)-le_jZ, 
kIIAF 
=0 
(4.35) 
which can be re-arranged to give 
I1-R 
_ -l(1 - a2)(1 -ate-j546 
)-1(e-j30 + a2e-j2 ) (4.36) 
IIAF 
The discriminator function is obtained by taking the difference of the signal 
magnitudes at the output ports of junctions B and C. Thus the voltage, 
V,, (f ), at the output of the discriminator is given by 
_ 
IiCR I1BR l 
/ 
(4.37) V0(f) k( 
\IIICI - IIAF 
where k is a scalar constant whose magnitude depends on the detector effi- 
ciencies and on the transmission and reflection coefficients of the T-junctions 
in the ring. It should be noted that 4.37 is a function of 0 and can be used 
to obtain the frequency response of the ring, since 
21r ao_7f 
- ßA0/4 a42f, 
(4.38) 
where f is the frequency variable and fo is the centre frequency of the dis- 
criminator response. 
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Figure 4.3: Nomenclature for four-port ring structure 
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4.4 Ring structure with two simultaneous feeds 
Amongst the advantages of the current summing technique is the ability 
to easily deal with situations where there are several feed points to a ring 
structure. Fig. 4.3, above shows a 4-port ring structure, where A and B are 
the input ports, and C and D the output ports. The port separations w, x and 
z are arbitrary, but to maintain a discriminator response we need y=A,, /4. 
Since C and D are output ports, I1CF and I1DF will be zero. 
Summing the currents at junction C 
-'lCR +'2CF -'2CR +'3CF -'3CR =0 (4.39) 
i. e. 
B 
OR OF 
I3BF 
ý 
I2BR 
-r -r 
3BR 2BF 
C 
IICR I1CF 
I3CF 
tý 
2CR 
3CR 2CF 
ar Iil anc 
rp- 4Xy... r jI 
iDR `" 
l 
ý-I 
OF 
' 
ZDF 
' 
20R 
-I1CR + a2I3ARe-jQ(y+z) - a2I2BRe-j'O' + I2BRe-ißx - a2I3ARe-jQ(v+z) _0 
(4.40) 
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-IlCR + a2(1 - a2)I3ARe-. 
7Q(y+i) + (1 - a2)I2BRe-jox =0 
(4.41) 
Similarly, summing the currents at junction D, leads to 
-IlDR + 
(1 
- 02)I3ARe-"7ß + a2(1 - CY2)I2BRe-jQ(x+v) =0 
(4.42) 
At junction A 
I3AR = a1I1AF + a2I2AF (4.43) 
= a1IlAF + ate-''Qw(alliBF + a2I2BF) (4.44) 
leading to 
I3AR = (alIlAF + ala2IIBFe-j'' )(1 - aýe''Qt)-1 (4.45) 
where t=w+x+y+z. Similarly, considering the transmission through 
junction B, leads to 
I2BR = (ail1BF + ala211AFe-jow)(1 - a4 (4.46) 
Substituting from 4.45 and 4.46 into 4.41 we obtain, after straightforward 
manipulation 
I1CR 
jQy 7R(Y+z) + 7p(x+w) 2 1Q(W+Litz) 
Ii = a1(1 - a2) 
(e- + aae- ate + aae 
(4.47) 
where 
_ (1 - a4e-jot)-1 (4.48) 
and where it has also been assumed that currents of equal magnitude, IIij, 
are applied to the input ports, i. e. (1; j _ IIIAFI _ II1BFI " 
Similarly, substituting from 4.45 and 4.46 into 4.42 we obtain 
I1DR 
l1 7QýýtY) 1Qýwt*) 2 7Q(x+U+w) 
=a1(l-az)(e' +aze' +ate' -Fate' 
)C 
(4.49) 
As before the discriminator function is obtained by taking the difference 
between the magnitudes of the output signals detected at junctions B and 
C, i. e. 
VV(f) =k 
(Iicn l-I IiDn 1) (4.50) 
1; 1; J 
Using 4.50 the effect of feeding a ring structure simultaneously at any two 
positions can be found. 
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ABC 
Figure 4.4: Five-port ring showing nomenclature for junction spac- 
ings 
4.5 Ring structure with three simultaneous 
feeds 
The analytical procedure described in the previous section for a dual-fed ring 
structure can easily be extended to any number of feed ports. A ring with 
five ports, three of which are to be used as feed ports is shown in Fig. 4.4, 
above. Only the port spacings are shown in the figure, since the nomenclature 
for describing the current flow at each junction is identical to that given in 
Fig. 4.1, p. 152. 
Since the analytical procedure for the five-port ring follows directly from 
that given for the four-port arrangement, only the essential results will be 
stated here. Assuming that the input signals are applied through junctions 
A, B and C the currents I1DR and ZIER at the two output ports are obtained 
E0 
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in terms of the input current I; as 
and 
where 
IIDR 
_(1-a2)6 (X1+X2) (4.51) I; 
I1ER 
= (1 - a2)6(X1 + X4) 
(4.52) 
I; 
Xl = (alaze-jßv + ala3e-9Q(v+w) + ala2)e-iQ(v+: 
) (4.53) 
X2 = (cat + alca2e-ißw ala2e-iQ(v+w))e-iQx (4.54) 
X3 = al(e-. i, Q= + a2e-j'3(v+x) + ate-j, 
Q(v+=+w)) (4.55) 
X4 = ala2(e-JR(=+v) + aze-jQ(w+=+Y) + te-jO(v+w+x+Y+s) 
(4.56) 
E1 = (1 - ate-jatl)-1 
(4.57) 
ti = v+w+x+y+z (4.58) 
where it has again be assumed that equal magnitude currents are applied at 
the three input ports. 
Having obtained expressions for the output currents, the output voltage 
from the discriminator is found in the usual way from 
po(f)k(I 
I1DR)_IIlERII 
(4.59) 
I; 1; J 
4.6 Results and discussion 
Fig. 4.5, p. 161 shows the simulated frequency response for a simple three- 
port ring, computed using 4.37. It can be seen that the response has the 
expected discriminator shape, which demonstrates the validity of the new 
current summing technique. One of the principal advantages of the new 
technique is that it makes it possible to easily investigate the effects of asym- 
metry in the ring. It is of some interest to establish the effect of moving the 
position of the input port. This will not only change the input impedance 
to the ring, but should have the effect of displacing the discriminator char- 
acteristic in frequency, thereby generating an offset voltage at the design 
(centre) frequency. The responses obtained by altering the position of the 
feed port are shown in Fig. 4.6, p. 162, for small spacings, and in Fig. 4.7, 
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p. 163 for large spacings. Three responses are shown, each for a different 
value of 6, which is the displacement of the input port from the original 
position. The values of 8 in Fig. 4.6, p. 162 are expressed as fractions of 
the wavelength, Ao, at the nominal centre frequency. (For clarity, 6 is de- 
fined in Fig. 4.8, p. 164. ) In this case the total ring circumference remains 
unchanged, although the discriminator function will always be obtained pro- 
viding the spacing between the output ports is )/4. It can be seen from the 
responses in Fig. 4.6, p. 162 that the discriminator function is maintained 
as the position of port 1 is changed, and more particularly that the linearity 
in the central region is essentially unchanged. This linearity is significant 
for the linear control of frequency which is being proposed. This provides 
some indication of the limits to b. Comparing the responses in Fig. 4.6, 
p. 162 and Fig. 4.7, p. 163 it can be seen that the larger spacing is beginning 
to introduce significant non-linearity. This is only to be expected since the 
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Figure 4.6: Effect on discriminator responses of changing the posi- 
tion of the input port: small spacing 
discriminator characteristic is formed from part of a cyclic response, and if 
the input position were moved sufficiently far so as to be symmetric with 
the output ports, the signals from the latter would be equal and the slope 
of the response would be zero. It can also be observed from the responses 
in Fig. 4.6, above and Fig. 4.7, p. 163 that offset voltages are produced as 
the feed position changes. These offset voltages are plotted as a function of 
the feed displacement in Fig. 4.9, p. 165. It can be seen that there is an 
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Figure 4.7: Effect on discriminator responses of changing the posi- 
tion of the input port: large spacing 
approximately linear variation of offset voltage with position, which implies 
that linear frequency control could be achieved, by using this offset voltage 
as the feedback signal in the frequency control circuit previously described. 
If we consider a centre frequency of 10GIIz, then the range of port movement 
(±0.05\,, ) specified in Fig. 4.9, p. 165 represents a physical range of ±600µm 
for a typical microstrip circuit, which indicates that a number of feed at- 
tachments, and hence frequency selection points, could be achieved without 
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Figure 4.8: Three-port ring discriminator showing feed offset, S. 
problems of unwanted coupling in the vicinity of the port-ring junctions. 
In Fig. 4.10, p. 166 and Fig. 4.11, p. 167 the effects of using the new 
theory to investigate the simultaneous excitation of a ring structure at two 
points are shown. Two interesting features can be seen in these responses. 
Firstly, the shape and slope of the discriminator responses obtained with a 
single feed are maintained with the dual feed. Secondly, and more signifi- 
cantly, there is a digital relationship between the offset voltages produced 
at the centre frequency and the various feed combinations. That is, rep- 
resenting an input signal as the '1' state, the three combinations (01,10,11) 
possible with two feeds leads to three equi-spaced offset voltages. This means 
that, not only could the frequency of an oscillator be changed by changing 
the position of a single feed, but that using a multiple feed system, digital 
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Figure 4.9: Voltage offset at centre frequency, as a function of the 
input port position 
control of the oscillator frequency would be possible. In Fig. 4.12, p. 168 
and Fig. 4.13, p. 169 the effects of changing the spacing between the input 
ports of a dual-fed ring are shown. The spacing between the feed ports is 6, 
which is defined in the same way as for the single port displacements. That 
is, the sign of 8 indicates whether the second feed port is displaced in the 
clockwise or counter-clockwise direction from the nominal feed port position. 
The convention adopted here is that positive values of b indicate a clockwise 
displacement and negative values a counter clockwise displacement. These 
responses show that the shape of the discriminator response, together with 
the linearity of the offset voltage steps, is maintained over a significant range 
of port separations. The slope of the discriminator response is of the order 
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Figure 4.10: Comparison of discriminator responses using single and 
dual feeds: small spacing 
of 0.21V/GHz, and this is maintained over a 20 per cent bandwidth for each 
set of four responses. In Fig. 4.14, p. 170 the offset voltage steps produced 
by equal changes in the feed separation of dual-fed rings have been plotted in 
more detail. These exhibit significant nonlinearities, and whilst some com- 
pensation could be applied to correct these effects, the results could impose 
limitations on the frequency range of operation if the circuit was used for 
digitally controlled frequency selection. In Fig. 4.15, p. 171 the behaviour 
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Figure 4.11: Comparison of discriminator responses using single and 
dual feeds: large spacing 
of a ring excited simultaneously at three positions is compared with that 
of a dual fed ring. It can be seen that, whilst the general characteristics 
are maintained, there are non linear effects associated with the tri-fed struc- 
ture, largely because of the spread of the ports. This is emphasised more 
in Fig. 4.16, p. 172, which shows the effect of increasing the port spacings. 
However, it is still evident that, providing the spacings between the ports 
is kept small the concept of digital frequency control using multi-fed rings is 
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Figure 4.12: Dual-fed ring with various feed separations: +ve dis- 
placement 
viable. 
Finally, in Fig. 4.17, p. 173, results are shown for a standard hybrid ring 
structure, analysed using the new method. These results are presented as 
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Figure 4.13: Dual-fed ring with various feed separations: -ve dis- 
placement 
further confirmation of the validity of the new method of analysis. The trans- 
mission coefficients are as expected, with one isolated port and equal outputs 
from the remaining two ports. The shapes of the characteristics agree with 
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Figure 4.14: Offset voltages produced by equal steps in feed separa- 
tion 
those published which are based on the traditional method of analysis using 
the odd and even circuit approach: examples of these characteristics can be 
found in PON [26] and ZARBEL [25]. The absolute values of the coeffi- 
cients are not of primary interest here, since they depend on the coefficients 
chosen to represent transmission through the T-junctions formed between 
the ring and the external ports. 
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4.7 Conclusions 
A new method of analysis of microstrip ring structures has been developed, 
and verified through comparison with known circuit behaviour. The method 
is less restrictive than existing techniques and is particularly suitable for 
asymmetric networks. Furthermore, using the new analytical procedure a 
potentially powerful technique for implementing control of a microwave os- 
cillator has been identified, which uses multi-fed rings. 
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Chapter 5 
Microwave Oscillator Control 
using a Single Switched 
Delay-Line 
5.1 Summary 
The basic principles of oscillator stabilization and frequency control using 
delay-line techniques were established in chapter 1. The discussion of these 
techniques was extended to propose a method of implementation based on 
existing, well known microstrip components. In chapters 2 and 3 two new 
microstrip components, namely the single PIN diode phase shifter and three- 
port ring, were introduced which could perform the required functions of the 
delay-line technique, but with significant savings in cost and complexity. In 
this present chapter these new circuit components are combined to provide 
a simple method of controlling the frequency of a low-noise oscillator. 
Measurements from a prototype X-band circuit are presented which con- 
firm the predicted operation. Full circuit details are provided, together with 
simulations showing the limits of operation. 
5.2 Circuit details 
A schematic diagram of the circuit investigated is shown in Fig. 5.1, p. 175. 
The ring dimensions and port spacings were determined through the theory 
5.2: Circuit details 
NOT 
TO 
SCALE 
175 
Figure 5.1: Configuration of a microstrip switched delay-line dis- 
criminator 
established in the previous chapters. In the previous chapters, the discussion 
has been restricted to circular ring structures. However, in order to simplify 
the mask layout the ring here was made rectangular and appropriate al- 
lowances were made in the ring dimensions to allow for the discontinuity due 
to the chamfered corners. The amount of chamfering on the corners followed 
the standard recommendation described on pp140-141 of EDWARDS [33], 
which also gives the equivalent length to be used for the mitred corner. The 
ring dimensions were calculated to give output port impedances of 500. 
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The dimensions of the single PIN diode phase shifter were designed to give 
a switched phase change of 10°, with appropriate allowances being made 
for the phase changes through the PIN diode in the ON and OFF states. 
An }1P5082-3900 low-loss beam-lead PIN diode was chosen for the active 
component, mainly because it offered reasonably low insertion loss in the ON 
state combined with good isolation in the OFF state. As described earlier, 
the phase shift is primarily determined by the length, lc, of the coupled line 
section with the short-circuit termination. Zig-zag slits were incorporated 
into this section to permit DC biasing of the PIN diode. The DC breaks 
were included in both sides of the coupled line to maintain the symmetry of 
the structure and the appropriate transmission phases of these planar breaks, 
including the excess phase components identified earlier, were included in the 
calculation of lc. 
Also shown in Fig. 5.1, p. 175 are two conventional bias pads. The lengths 
were designed to give an effective RF open circuit at the junction with the 
main ring. An appropriate allowance was made for fringing at the remote 
end. The width of the narrow section was made as small as the fabrication 
process would allow, in order to reduce the discontinuity at the junction with 
the main ring, and the width of the pad was made sufficiently large to permit 
easy connection of the DC bias leads. 
The test circuit was fabricated on RT/duroid 6010, having a substrate 
thickness of 635µm and a relative permittivity of 10.4. A summary of the 
principal dimensions of the circuit is given in Fig. 5.2, p. 177 and a photo- 
graph of the circuit is included in appendix B. 
5.3 Circuit operation 
The oscillator output was applied to port 1 of the circuit shown in Fig. 5.1, 
p. 175 and a matched pair of coaxial detectors (I1P8472A) was connected to 
ports 2 and 3. The detector outputs were combined in a differential amplifier 
to yield a discriminator characteristic. A low-pass filter was connected be- 
tween the differential amplifier output and the frequency control input of the 
oscillator to suppress any unwanted frequency components generated in the 
mixer diodes. Switching the PIN diode produced an effective change in the 
delay path between ports 1 and 3, and produced an offset voltage at the dif- 
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SINGLE PIN DIODE PHASE SHIFTER: 
Coupled line length, 1, = 5.5mm 
Coupled line gap = 1101tm 
Matching stub length, lm = 5.2mm 
Axial length of zig-zag slit = 3.5mm 
Width of zig-zag slit = 40µm 
RING: 
Track width = 310µm 
Port spacing (c-c): 1-2 = 3mm 
2-3 = 3mm 
1-3 = 32mm 
DC Break: axial length = 3.1 mm 
finger width = 250µm 
finger spacing = 45µm 
Port width = 60014m 
BIAS PADS: 
Narrow line width = 33µm 
Narrow line length = 3.1mm 
Wide line width = 1.7mm 
Wide line length = 2.8mm 
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Figure 5.2: Measured dimensions of the switched delay-line test cir- 
cuit 
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ferential amplifier output. The magnitude of this voltage was proportional to 
the amount of delay change. This voltage would then cause a step change in 
the frequency of the oscillator, which would remain stabilized because of the 
basic discriminator function of the ring. The amount of frequency change, 
for a given phase change in the ring, could be set by adjusting the sensitivity 
of the differential amplifier. 
5.4 Test conditions 
For testing, the microstrip circuit was mounted in a standard Omni Spectra 
hybrid MIC test fixture, with coaxial-to-microstrip transitions used to couple 
signals to and from the circuit. The oscillator used for the test was an 
HP694D sweep oscillator. This was chosen because it offered a convenient 
VCO facility and a level of phase noise which could conveniently be measured 
to demonstrate the phase noise reduction provided by the test circuit. 
The frequency of the oscillator was observed on an IIP8592B spectrum 
analyser. To measure the phase noise, an lIP3561A low frequency dynamic 
signal analyser was connected to the output of the low-pass filter in the 
feedback network. The overall test arrangement is shown in Fig. 5.3, p. 179. 
A continuous averaging function was selected on the IIP3561A to provide a 
display of rms noise. 
5.5 Results and discussion 
Typical results for the three-port ring incorporating a single PIN diode phase 
shifter are shown in Fig. 5.4, p. 180, with an example of the close-carrier phase 
noise response for one of the PIN diode states being given in Fig. 5.5, p. 181. 
The results in Fig. 5.4, p. 180 show that a significant frequency step, 30MIIz, 
can be achieved without a significant change in the input match of the ring. 
Clearly, any change in the return loss between diode states is of particular 
importance for this type of arrangement, since any mismatch within the ring, 
due to the switching of the phase shifter element, will cause a change in level 
at the detector diodes. In these circumstances the offset voltage will be a 
function of the mismatch in addition to that due to the designed change 
in phase. The fact that a predictable frequency step can be achieved, with 
5.5: Results and discussion 
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Figure 5.3: Test system 
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only a 0.31dB change in return loss at the external input port indicates that 
the change in match within the ring is not significant. The absolute value 
of return loss was of the order of 12dB, although this is less important in 
the present context than the change in insertion loss which occurs between 
states. 
In order to investigate further the effect of mismatches within the ring, the 
behaviour of the ring structure, containing an additional mismatched element 
within the delay path was simulated using MDS. The model for the simulation 
is shown in Fig. 5.6, p. 182, where the phase shifter is represented by a two 
port network whose return loss could be varied. This variation was achieved 
5.5: Results and discussion 
Carrier frequency 11GHz 
Stabilization ratio 6 
Switched frequency 
step 30MHz 
Change in input 
return loss between 0.31dB 
states 
Open-loop phase 
noise 5kHz off -75dBc/Hz 
carrier 
Closed-loop phase 
noise 5kHz off -91dBc/Hz 
carrier 
Figure 5.4: Summary of key results 
180 
through adjustment of the ratio of the characteristic impedance of the two- 
port network relative to that of the ring. For the purpose of this simulation, 
which was specifically to investigate the effects of reflections within the ring 
it was assumed that this two port network had zero transmission loss and 
a transmission phase of 10°. This value of phase change was chosen to be 
representative of the values that would be used in practice. The results of 
the simulation are shown in Fig. 5.7, p. 183 and Fig. 5.8, p. 184; each 
simulation corresponds to a particular value of return loss for the network 
representing the phase shifter. Three responses are given in each figure: S11 is 
the reflection coefficient at the input port of the ring; S21 is the transmission 
coefficient between port 1 and port 2; S31 is the transmission coefficient 
between port 1 and port 3. Of particular interest is the frequency at which 
the S21 and S31 responses intersect, since this represents the centre of the 
discriminator response. The simulations show that mismatches within the 
ring have a small effect on the input match of the ring. However, this is not 
of great practical significance since the ring would not be in the main path 
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Figure 5.5: Phase noise responses 
of the oscillator output and could also be preceded by an isolator. It is of 
more importance that the S21 and S31 responses are displaced in frequency 
due to the mismatch within the ring, since this will lead to an error in the 
differential output from the phase detector. It can be seen from Fig. 5.7, 
p. 183 and Fig. 5.8, p. 184 that changing the return loss of the component 
within the ring from 10dB to 20dB caused a shift of 300MI1z in the crossing 
point of the S21 and S31 responses. Additional simulations were performed 
to show how the differential output voltage from the ring varied with the 
return loss of the component in the ring. The results are summarised in 
Fig. 5.9, p. 184 and indicate that the change in differential output voltage is 
not significant for phase shifter return loss values greater than 20dB. Results 
for the single PIN diode phase shifter alone have shown that that it could be 
designed and fabricated with a return loss better than 20dB over a 10 per 
cent bandwidth. This indicates that the design approach is valid and that 
the errors associated with mismatches within the ring can be kept within 
acceptable limits in practical situations. 
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182 
Figure 5.6: Model used for simulation of three-port ring responses, 
in order to investigate the effect of mismatches within the ring 
The value of the stabilization ratio given in Fig. 5.4, p. 180, measured as 
the ratio of the frequency deviations of the oscillator to a DC control stimulus 
under open and closed loop conditions is a direct function of the sensitivity 
of the differential amplifier, and can thus be set to any desired value. One 
implication of this is that the phase change steps introduced into the ring 
can be comparatively small and still yield an appreciable change in frequency 
of the VCO. 
The bandwidth of the circuit tested was found to be relatively narrow, 
of the order of ±5 per cent, as expected from the basic theory of the three- 
port ring. This could be improved by introducing some form of broadband 
matching in the ring, following the techniques used for broadbanding four- 
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Figure 5.7: Simulation of three-port ring responses showing effect of 
a mismatch within the ring: return loss of phase shifter model = 
10dB 
port hybrid rings. However, a ±5 per cent bandwidth at 10GIIz still yields 
a usable frequency range of 1GIiz, which would be acceptable for a number 
of applications. Wideband operation could be achieved, still with significant 
cost benefits, by effectively cascading a number of three-port ring structures, 
each designed with a different centre frequency. 
The phase noise reduction, shown in Fig. 5.5, p. 181, was observed in both 
diode states. The magnitude of the reduction is a function of the differential 
amplifier sensitivity, and the variation of the reduction with frequency is 
determined by the combined frequency response of the differential amplifier 
and low-pass filter. Two examples of the measured phase noise, expressed in 
the conventional units of dBc/Hz, are given in the results table in Fig. 5.4, 
p. 180, using values taken from Fig. 5.5, p. 181. In the latter case the phase 
noise is left as a relative level, since the absolute value is a function of the 
particular test oscillator being used and is not of primary interest here. 
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5.6 Conclusions 
185 
The predicted functions of a delay-line stabilized oscillator, incorporating a 
frequency selection capability, have been verified through practical X-band 
measurements on a prototype microstrip circuit. The novel technique, to- 
gether with the use of new circuit geometries, offers significant potential for 
the development of digitally controlled microwave oscillators, either in hybrid 
or monolithic form. 
186 
Chapter 6 
A Digitally Controlled 
Microwave Oscillator 
6.1 Summary 
A new and potentially powerful technique for digitally controlling the fre- 
quency of a microwave oscillator is described. The technique makes use of 
the theory developed in chapter 4 for dual-fed three-port rings. 
It was shown in chapter 4 that the discriminator function of the three- 
port ring could be maintained if the position of the feed port was changed. 
Furthermore, it was shown that as the input port position was changed an 
offset voltage was generated at the nominal centre frequency, which exhibited 
a quasi-linear relationship with the change in position. The theory was ex- 
tended to show that a dual-feed ring could produce three, equi-spaced offset 
voltages corresponding to the three possible feed combinations i. e. two single 
feeds and one dual feed. 
In this chapter results are presented for two three-port ring microstrip 
circuits which show how these offset voltages can be used to control the 
frequency of an X-band oscillator. 
6.2 Multi-feed three-port ring 
The circuit arrangement of an oscillator whose frequency is controlled by a 
three-port ring with four input feed positions is shown in Fig. 6.1, p. 187. The 
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Figure 6.1: Frequency control circuit with multi-feed three-port ring 
diodes D1, D2, D3 and D4 determine the point at which the three- port ring 
discriminator is fed. In order to avoid unwanted coupling between closely 
spaced feed lines, diodes D1 and D2 provide inputs to one side of the ring 
and D3 and D4 inputs to the opposite side. It should be noted that changing 
the feed position from one side of the ring to the other causes a change in 
polarity at the output of the differential amplifier. This means that there 
must be a simultaneous switching of the output voltage polarity if the feed 
position is switched between opposite sides of the ring. The voltage output 
from the differential amplifier was fed through a low-pass filter to control the 
frequency of the VCO in the usual manner. 
A photograph of the actual 10GHz microstrip test circuit is shown in 
appendix B. The circuit was fabricated on RT/duroid substrate having a 
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thickness of 635µm and a relative permittivity of 10.4. Low-loss, beam-lead 
diodes (HP5082-3900) were used as the switching elements. The track dimen- 
sions were designed to provide output impedances of 50f, so as to match the 
input impedances of a matched pair of coaxial detectors (11P8472A) which 
were externally connected to the microstrip circuit. Three chip capacitors 
were mounted in the main line from the oscillator, so as to permit indepen- 
dent biasing of the four PIN diodes. The DC control to the centre two diodes 
was provided through conventional microstrip pads. The outer PIN diodes 
were biased off-circuit using standard coaxial bias-tees. One crucial element 
in the design was the length of the feed lines connecting each diode to the 
ring. These lengths were made A, /2, where A. is the substrate wavelength, so 
as to reflect a high shunt impedance across the ring with the diode in the off 
state. For testing, the circuit was mounted in a conventional Omni-Spectra 
test fixture, and connected to external devices through coaxial-to-microstrip 
transitions. 
6.3 Dual-feed three port ring 
Fig. 6.2, p. 189 shows the circuit arrangement of an oscillator controlled by 
a dual-fed three-port ring. Since the control circuit is an extension of the 
three-port ring principle introduced in chapter 3, the ring circuit will be re- 
ferred to using this nomenclature, although in the present case the ring has 
four active ports when both diodes are in the ON state. The operation of 
the circuit follows directly from the theory which was established in chap- 
ter4. The two diodes, D1 and D2, allow the ring to be fed at two different 
positions, either independently or simultaneously. Thus three offset voltages 
are possible, which permit the selection of three equi-spaced frequencies. The 
configuration of the feed connections to the ring is somewhat different to that 
used for the multi-feed ring described in the previous section. An arrange- 
ment was chosen for the dual-feed such that with both diodes biased in the 
ON state, the two feed connections would supply equal power to the ring. 
A photograph of the actual microstrip test circuit is shown in appendix B. 
The circuit was fabricated on RT/duroid having a substrate of relative per- 
mittivity 10.4 and thickness 635pm. Surface mount, low-loss, beam-lead PIN 
diodes (I1P5082-3900) were used as the switching elements. The ring dimen- 
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Figure 6.2: Frequency control circuit showing a dual-feed microstrip 
ring 
sions were chosen to give a nominal centre frequency of 10GHz, and output 
port impedances of 50Q. The input port was not matched. Chip capacitors 
were surface mounted across gaps in the ring to permit independent biasing 
of the two PIN diodes. The DC bias connections were made externally to 
the microstrip circuit using conventional coaxial bias- tees. For measurement, 
the microstrip circuit was mounted on a standard Omni-Spectra test fixture 
with coaxial-to-microstrip transitions used to make the external connections. 
6.4 Test conditions 
The test conditions were essentially the same as those described in Chapter 
5 for the switched delay-line circuit. Additional measurements were made 
on the dual-feed circuit to find the settling time and the transient response 
overshoot. These measurements were made by monitoring the voltage output 
from the discriminator when the diodes were switched using a low frequency 
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Single Digital 
feeds feed 
Selected frequencies (GHz) 9.9,10.0 10.0,10.1 
10.1,10.2 10.2 
Phase noise reduction -13dB -13dB 
(5kHz off carrier) 
Stabilization ratio 5 5 
Settling time (PIN diode: ON-SOFF) 340µs 360µs 
(100MHz step) 
Settling time (PIN diode: OFF-ON) 350µs 353µs 
(100MHz step) 
Voltage (frequency) overshoot 120% 140% 
(PIN diode: ON--SOFF) (100MHz step) 
' 
Voltage (frequency) overshoot 44% 39% 
1 
(PIN diode: OFF--, -ON) (100MHz step) 
-1 
Figure 6.3: Summary of typical measured results 
pulse generator. The voltage changes seen at the output of the discriminator, 
before the low-pass filter, are directly proportional to the frequency changes 
in the oscillator output, assuming the system to be linear. Since only small 
frequency steps, less than 2% of the carrier frequency, are being investigated, 
the assumption of a quasi-linear system is valid. 
6.5 Results and discussion 
A summary of the typical results for the two circuits investigated is shown 
in Fig. 6.3, above. The single feed and digital feed columns refer to the cir- 
cuits shown schematically in Fig. 6.1, p. 187 and Fig. 6.2, p. 189 respectively. 
In the case of the multi-feed ring with four selectable inputs, switching the 
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PIN diodes gave four predictable frequencies, separated by constant inter- 
vals. This demonstrated the ability of the circuit to provide linear frequency 
control. Since the four inputs were split, with two on either side of the ring, 
so as to minimise coupling between the input lines it was necessary to reverse 
the polarity of the inputs to the differential amplifier when switching from 
one side of the ring to the other. This was done manually for the present mea- 
surements although it would be simple to arrange for this to be performed 
automatically through a switching network linked to the switching control of 
the PIN diodes. Thus in practice this would not impose any limitation on 
the operation or usefulness of the circuit. However, there are clearly some 
limitations to the number of feed arms to the ring and hence to the number of 
selectable frequencies. In particular the spacing of the feed arms must be suf- 
ficient to prevent unwanted coupling. Moreover, the theory has shown that 
as the position of the feed port is varied, with respect to the output ports, 
so the slope of the discriminator response changes. Ultimately, with the feed 
port located symmetrically between the output ports, the slope would be zero 
and the discriminator function would vanish. The slope of the discrimina- 
tor response is important if the same order of stabilization and phase noise 
reduction is to be maintained for all selected frequencies, as would be re- 
quired in a practical situation. However these limitations could be overcome 
by making the ring larger, or cascading several rings, thereby providing a 
greater range of selectable frequencies. For the dual-feed circuit, the results 
show that the three possible diode state combinations yielded three frequen- 
cies with approximately equal intervals between them. In both circuits the 
magnitude of the frequency steps can be changed by altering the sensitivity 
of the feedback amplifier. The oscillator remained stabilized at all of the 
selected frequencies and a typical plot of the relative phase noise, showing 
the effect of stabilization, is reproduced in Fig. 6.4, p. 192. A phase noise 
reduction of approximately 13dB was observed 5kHz off the carrier and this 
is consistent with a measured stabilization ratio of 5. The absolute values 
of phase noise were not calculated since these are functions of the particular 
test oscillator being used and are not of primary interest here. It should 
also be noted that using this method of measurement, the measured value 
is the effective sum of the FM and AM noise from the oscillator. Since we 
are primarily concerned with the reduction in phase noise due to the sta- 
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bilizing effect of the feedback network, the presence of the AM noise is not 
particularly significant, as this component of noise should be the same with 
the circuit locked or unlocked. Generally, the AM noise from an oscillator 
will be less than the FM noise and will only have a small effect on the re- 
sult. For interest, the AM noise of the oscillator being used for the tests was 
measured, and the response is shown in Fig. 6.5, p. 193. The values of the 
AM noise values are left in dBV so that a general comparison can be made 
with the previous phase noise values. Although the AM noise was measured 
with the same system as the phase noise, i. e. with the same bandwidths and 
detector efficiencies, but with the frequency discriminator removed, an exact 
comparison must include the sensitivity of the frequency discriminator. In 
this case the AM and FM noise could be expressed relative to the carrier 
level in units of dBc/Hz. This was not done for the present work, which was 
primarily concerned with the phase noise reduction and where it was evident 
that the AM noise was relatively small. Fig. 6.6, p. 194 shows the magnitude 
of the phase noise suppression, plotted as a function of frequency. It can be 
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seen that there is a decrease in suppression as the frequency increases. This 
is due to the low-pass filter in the feedback loop. For these measurements 
the filter used was a simple active 2-pole low-pass filter with a 3dß cut-off 
frequency at 8kIIz. 
Although the principal aim of the work has been to investigate methods 
of controlling the frequency of an oscillator, rather than to achieve frequency 
agile oscillators with a fast response time, additional measurements were 
made for completeness on the settling time of the oscillator controlled by the 
new microstrip circuits. As CRAWFORD [24] points out the definition of 
settling time tends to vary according to the application. Ile quotes examples 
of QPSK systems, where the settling time is defined as that which enables the 
frequency of the oscillator to settle to within 0.1 radians of the steady state 
final phase. A somewhat more stringent specification is given for analogue 
cellular telephone systems where the time is that for the oscillator to settle 
within 100Hz of the steady state value of frequency. In the present work, the 
settling times have been calculated from the measured time responses on the 
193 
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194 
basis of the time taken for the oscillator to settle within 10% of the frequency 
step value. It can be seen from the measured data in Fig. 6.3, p. 190 that the 
transient behaviour of both circuit configurations was very similar in respect 
of the speed of response. This is not unexpected since the principal difference 
between the circuits was in the configuration of the microstrip feed network, 
while the active or band-limited components which primarily determine the 
transient behaviour were the same in both cases. 
The measured transient responses of the oscillator due to a 100MIIz step 
in frequency produced by the dual-feed circuit are shown in Fig. 6.7, p. 195 
and Fig. 6.8, p. 196. Also shown in these figures are the corresponding 
switching edges of the PIN diode control voltage obtained from the pulse 
generator. The rise and fall times of the pulse generator output were mea- 
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sured separately and found to be less than 121ts. Since there always has to be 
at least one diode switched on in these circuits, the responses were obtained 
by biasing one diode permanently on and using the pulse generator to switch 
the state of another diode. This biasing strategy was necessary because in 
the test circuits all the diodes were mounted in the same sense, i. e. with all 
the cathodes connected together. Thus turning one diode on and another off 
would have required two independent switching waveforms, with the pulse 
edges very closely synchronized to avoid spurious transient effects. In the 
measured responses the rear edge of the switching waveform corresponds to 
the diode being turned off and the front edge to the diode being turned 
on. The settling time for each edge is essentially the same. This would be 
expected since the only difference is in the behaviour of the PIN depletion 
region when the charge plasma is being formed and when the region is swept 
clear by a reverse bias. Any differences associated with the response time 
of the junction in these two circumstances are related to the lifetime of the 
carriers. This is of the order of a few micro-seconds, which is very much less 
than the total measured settling time. Thus the difference in PIN junction 
behaviour due to the rising and falling edges of the switching waveform would 
not be observable. It would also be expected that the settling time would 
be a function of the frequency step size, with a large step causing a large 
perturbation of the signal in the feedback loop and hence a long settling 
time. This was confirmed by measurement and the measured variation in 
settling time due to different frequency steps is plotted in Fig. 6.9, p. 198 for 
both pulse edges. The figure shows the same order of settling time for both 
switching edges, for a given frequency increment. It can also be seen that 
the settling time exhibits a quasi-linear relationship with frequency step size. 
The random variation in the measured values is largely due to the problems 
in reading the settling time values from a digitized display waveform and is 
not of particular significance. 
It is interesting to note that the percentage transient overshoot is greater 
for the rear edge switching, i. e. with the diode being turned off. This differ- 
ence in transient behaviour for the two switching edges was observed for all 
of the measured frequency steps and for both test circuits. Since these tran- 
sient overshoot effects occur in a short time, which is comparable with the 
lifetime of the carriers, it could be concluded that they are due to differences 
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Figure 6.9: Measured variation of settling time with frequency step 
size 
in the behaviour of the junction during turn-on and turn-off which have been 
alluded to previously. The observed effect suggests that it takes relatively 
more time to sweep charges from the depletion region, thereby causing the 
circuit to respond more slowly during the initial turn-off period. 
The absolute values of the transient overshoot should be a function of 
the loop bandwidth. This was confirmed by removing the low-pass filter and 
repeating the transient measurements. The resulting responses are shown in 
Fig. 6.10, p. 199. The maximum overshoot was reduced by 66 per cent for 
the leading edge and 54 per cent for the trailing edge. It is also noticeable 
that there is less ringing in the settling period. In practical situations the 
choice of low-pass filter response, and in particular the cut-off frequency, will 
be a compromise between having a fast response time, which requires a high 
cut-off value, and good suppression of spurious frequencies in the system, 
which requires a low cut-off value. 
Although the transient behaviour of the system was not a primary concern 
of the work, the results show that the system is behaving in a predictable 
manner and that there are no spurious effects due to the use of the new 
circuit configuration. 
It will be noted that the settling times quoted in Fig. 6.3, p. 190 are 
rather long, and in a practical situation would impose severe limitations on 
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the circuit application since the period of the switching or modulating signal 
must necessarily be greater than the settling time. In the present work the 
settling times were dominated by the response of the oscillator, which itself 
exhibit a long settling time when subjected to a direct switching through 
the FM control port. This particular oscillator had been used for all of the 
phase noise measurements and was deliberately retained for the time response 
measurements so that all of the results were taken with the same source. 
6.6 Conclusions 
A new circuit technique for controlling the frequency of an oscillator, whilst 
maintaining frequency stabilization, has been established and confirmed through 
practical measurement. The technique, based on the switching of the input 
port in a three-port microstrip ring, has been extended to provide digital 
control of the oscillator frequency. The technique appears very attractive 
because of its simplicity, lack of frequency constraints and the potential to 
be implemented in an MMIC format. 
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Chapter 7 
Overview discussion 
7.1 Summary 
The previous chapters have each included a detailed discussion on the indi- 
vidual aspects of the work. This present chapter provides a more general 
overview of the project and reflects on the outcomes of the work in relation 
to the original aims. 
7.2 Terms of reference 
The original intention of the work was to show that the delay-line method 
of stabilizing an oscillator could successfully be implemented in a microstrip 
format and to extend the technique to permit control of the frequency of an 
oscillator. Although significant emphasis has been placed on the development 
of several new circuit techniques, the original terms of reference were adhered 
to and these new circuit techniques were eventually combined to provide 
digital control of the frequency of a microwave oscillator. 
7.3 Frequency control strategies 
Chapters 5 and 6 introduced two different methods of implementing fre- 
quency control of an oscillator, one using a switched phase shifter and the 
other switched input ports on a three-port ring. Both circuits gave similar 
performance. In each case predictable frequency changes could be obtained; 
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the oscillator remained stabilized at each frequency position and only one 
PIN diode was needed to achieve each frequency change. This means that 
for a digital control system only one PIN diode is needed for each digital 
bit. Comparing the two methods, that based on switching the port positions 
seems more attractive, in that it is less demanding in fabrication terms, since 
it does not involve any small gaps in the microstrip geometry. In this circuit 
the precision with which frequencies can be selected depends primarily on 
locating a particular point of excitation of the ring. In practice this would be 
done at the mask making stage of the fabrication process, and consequently 
the excitation point could be located with high accuracy. 
It was mentioned in chapter 6 that the frequency selection capability 
of the switched port arrangement could be increased by cascading several 
rings. Fig. 7.1, p. 203 shows such a cascaded arrangement. The four diodes 
controlling the feed paths to each ring generate 24 -1 different voltage levels, 
giving a total of 225 levels at the output of the final summing amplifier, i. e. 
8 diodes would permit the selection of 225 different frequencies. 
7.4 Circuit techniques 
The two new circuit techniques which were developed, the single PIN diode 
phase shifter and the three-port ring, yielded predictable results. The phase 
shifter provided a far more compact design than traditional switched line 
or loaded line techniques, and because of this would seem to offer particu- 
lar advantages if expanded to form a multi-bit digital phase shifter. In the 
context of the present work, the single PIN diode was particularly useful for 
inclusion in a three-port ring to change the effective delay-path, since its com- 
pact form did not significantly increase the size of the ring and hence reduce 
the bandwidth. One possible disadvantage of this type of PIN diode phase 
shifter is the need to include planar DC breaks in the coupled line section 
to permit DC biasing of the diode. The gap in these breaks has necessarily 
to be small and, moreover, the dimensions are important in establishing the 
overall transmission phase of the component. Thus there is some disadvan- 
tage in that the device requires a particularly accurate fabrication process. 
The alternative to the DC breaks would be to replace the terminating short 
on the coupled section with a chip capacitor. Although this arrangement 
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Figure 7.1: Cascaded three-port rings to provide extended frequency 
selection 
was tested and found to give satisfactory results, not enough data was col- 
lected to determine whether the discontinuities due to the surface mounting 
of the chip capacitor, combined with the variation in the chip parameters, 
would be a greater source of error than that associated with limitations in 
the fabrication process of the narrow gaps. 
The three-port ring proved to be a versatile device. Not only did it 
perform the original discriminator function for which it was designed, but it 
subsequently provided the basis for the development of a digital device based 
on multi-feed switching. The compact nature of the ring certainly provides 
a significant advantage over other microstrip discriminator structures. Its 
one limitation, namely the need to match the input port, should not be of 
consequence in practical design situations. 
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Since the ultimate aim of the work was to switch microstrip circuits so as 
to provide small, precise changes in the frequency of an oscillator, it was 
necessary to have precise theoretical design information on the behaviour of 
simple microstrip structures. It was found necessary to extend the existing 
theory of coupled lines and introduce the concept of excess phase into the 
design DC planar breaks to achieve this. A serious source of error in the com- 
monly quoted closed-form expressions for microstrip gap equivalent circuit 
values was identified in chapter 2. During the course of writing this report, 
a second edition of 'Microstrip Lines and Slotlines', by GUPTA, GARG 
AND BAHL [36] was published (in 1996) which introduced a scalar correc- 
tion factor into the expression for the even mode capacitance. The correction 
has been introduced without comment and without reference to any previous 
paper. The modification goes some way to rectifying the error discussed in 
chapter 2, but the authors do not address the issue of the discontinuity in the 
even mode capacitance expression at s/w=0.3. This still exists, and indeed 
is more evident, with the corrected expression. 
The current summing technique developed for the three-port ring not only 
simplified the analysis of the ring but permitted the further development of 
the ring to provide digital control. Without this technique it would have been 
very difficult to predict the behaviour of the ring with multi- port excitation. 
7.6 Implementation in microstrip 
It was apparent at the start of the work that there were no fundamental 
difficulties in implementing in microstrip a technique which had previously 
been established in waveguide. Whilst there were a number of unknown 
quantities in relation to the effects of the microstrip material, these were not 
seen as crucial. For example, it was important to have a stable material since 
the basic aim was to improve the stability of an oscillator. However, extensive 
information already existed in the literature on the electrical and mechanical 
properties of alumina, which is the standard substrate material for microstrip 
circuits. So the initial focus of the work was to look at simpler microstrip 
designs for implementing the basic circuit functions that were required, and 
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to make use of commonly available microstrip materials. Rather than use 
alumina, which tended to be expensive, soft substrate materials were used 
for testing the designs. It was apparent at an early stage that in order 
to achieve the required circuit performance, particularly in terms of precise 
transmission phase, it would be necessary to have a very accurate fabrication 
process. Several of the proposed new circuits contained narrow gaps, where 
dimensional errors would have a significant effect on the transmission phase 
and thereby on the ability of the circuit to permit precise design of delay 
times. Consequently, the RT/duroid range of substrates were chosen for 
the development of the microstrip circuits, for three reasons. Firstly, the 
substrate material was available with relative permittivities close to that 
of microwave quality alumina, thereby making the transfer of final designs 
to alumina straightforward, and hence producing designs whose dimensions 
were consistent with normal industrial practice. Secondly, the RT/duroid 
was known to have isotropic properties; the main rival material, Epsilam-10, 
was reported to exhibit significant anisotropic properties in respect of er, 
due to the rolling of the copper, which would be particularly important for 
microstrip designs where accurate knowledge of the transmission phase was 
crucial. Lastly, RT/duroid material was available with the thinnest copper, 
- 4.5µm, of any pre-coated commercially available substrate. This meant 
that undercutting in the fabrication process would be small, and could be 
accurately accounted for in the design. It was found that with a wet etching 
process, using an acidified ferric chloride etchant, circuits could be fabricated 
on a reproducible basis with line and space dimensions accurate to within 
±2µm. 
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Chapter 8 
Conclusions and suggestions for 
further work 
8.1 Conclusions 
The original aim of the work, namely to use delay-line techniques to stabi- 
lize and control the frequency of a microwave oscillator, has been achieved. 
Circuits have been designed which provide digital control of the frequency 
of a low-noise oscillator, and the operation of these circuits has been verified 
through practical measurement. 
Two new circuit concepts, the three port ring and the single PIN diode 
phase shifter, have been established, and the theoretical operation confirmed 
through measurements on microstrip at X-band. 
A new current summing technique for analysing microstrip ring structures 
has been developed which is less restrictive than existing analytical methods. 
The new method has been shown to be particularly useful for examining the 
behaviour of asymmetrical microstrip ring circuits. 
In-depth analyses of coupled microstrip lines and planar microstrip DC 
breaks have provided greater insight into the behaviour of these devices than 
has hitherto been available in the published literature. This has useful prac- 
tical significance in terms of improved accuracy in circuit design. 
Overall, the work has led to the development of a potentially powerful 
technique for digitally controlling the frequency of a low-noise microwave 
oscillator. Moreover, the novel circuit techniques which have been used in 
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the implementation of the frequency control system provide simple, accurate 
design strategies which have the potential for further development in MMICs. 
8.2 Suggestions for further work 
Whilst the original concepts of the work have been established, there are a 
number of aspects which warrant further investigation, particularly in respect 
of the practical implementation of the novel microstrip circuits which have 
been developed. 
8.2.1 Frequency control using a multi-feed microstrip 
ring 
The arrangement based on a multi-feed microstrip ring was the most promis- 
ing of the frequency control circuits that were investigated. However, there 
is a limit to the number of frequency steps that can be achieved with this cir- 
cuit due to restrictions on the number of feed points to the ring. The extent 
of this limitation needs to be quantified, firstly by determining the minimum 
spacing between the feed lines, and secondly by establishing the limits on the 
distribution of feed points around the ring. The minimum spacing between 
the feed lines will be set by the need to avoid significant unwanted coupling 
between these lines. At present, the effect on the discriminator responses of 
small levels of crosstalk between the feed lines is unknown and this needs 
further investigation. The crosstalk could be evaluated using conventional 
microstrip coupled-line theory, with a modification to account for the non- 
parallel line structure. Alternatively, a modified feed geometry with parallel 
lines could be considered, which would make the analysis more tractable. 
The limitations on the distribution of the feed points around the ring will be 
determined by the requirements of bandwidth, phase noise suppression and 
and the linearity of the frequency steps. Each of these three parameters is 
affected by the slope of the discriminator response, which will change as the 
feed point is moved around the ring. Clearly, therefore, the distribution of 
feed points must be restricted so as to obtain essentially the same perfor- 
mance for each frequency selected. A relatively straightforward extension to 
the current summing technique should yield a generalized theory of operation 
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which relates the bandwidth, phase noise suppression and frequency step size 
to the feed positions. This would provide the circuit designer with useful, 
precise design information. 
8.2.2 Noise analysis of delay-line stabilised oscillator 
One of the principal features of the delay-line stabilised oscillator is the re- 
duction in phase noise which is obtained. However, there has not been a 
detailed noise analysis of this type of circuit, using transmission line compo- 
nents, reported in the literature. Such an analysis would therefore seem to 
be a logical extension of the present work, which has established the prin- 
ciple of operation of this type of circuit. Where more general analyses of 
of the noise properties of feedback stabilised oscillators have been reported, 
they have used an essentially linear technique. To obtain a rigorous under- 
standing of the noise properties of this type of circuit a non-linear analysis is 
needed which consider6 the cumulative effect of the wideband noise spectrum 
generated by a single noise sinusoid in the system. It is by no means obvi- 
ous that uniform noise suppression will occur within the pass-band of the 
low-pass filter located in the feedback network, and an exact analysis is nec- 
essary to establish the precise noise response under closed-loop conditions. 
Recently, RIZZOLI ET AL [37) reported a full non-linear analysis of near 
carrier noise in discriminator-stabilized microwave oscillators. This appears 
to have been the only attempt to address the non-linear aspects of this class 
of stabilized oscillator. Their approach, which was based on a harmonic- 
balance method, yielded good agreement between measured and simulated 
data for a discriminator-stabilized dielectric-resonator oscillator. It would 
be worthwhile extending this approach to include the delay-line stabilized 
circuit. An alternative approach worth considering would be to make use 
of autocorrelation theory, since the circuit has the form of a standard auto- 
correlator. 
8.2.3 Switching analysis 
For many applications the switching speed of an oscillator is of paramount 
significance. A high response time will limit the modulation capabilities of 
the oscillator and restrict its use. The circuits in the present work were 
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designed primarily to give well-defined frequency changes, rather than a fast 
response. However, some switching measurements were made and the results 
were explainable in term of the general circuit behaviour, but the settling 
times were excessively large. Although the slow response may in part have 
been due to the sweep oscillator being used, which itself had a poor response, 
it would be worth investigating the effect on the settling time of using a 
different PIN diode, of lower junction capacitance, and modifying the bias 
network. 
8.2.4 Current summing analysis 
Whilst the current summing technique proved a convenient and powerful 
technique for analysing asymmetric ring structures, the analysis presented in 
chapter 4 for three-port rings needs some expansion to include the effects of 
discontinuities associated with the structure. In particular, the effect of the 
T-junction discontinuities needs to be considered. Although the T-junction 
is a very common microstrip feature, and a number of equivalent circuits are 
available in the literature, there is little reported information on the practical 
transmission phases of this type of junction. In the current work, where 
the main theme has been to develop devices where the voltage controlled 
frequency steps have sizes determined primarily by the line geometry, the 
transmission phases of the circuit components is of particular importance. 
It would be useful to develop a comprehensive set of frequency-dependent 
scattering coefficients covering a range of microstrip T-junction geometries. 
8.2.5 Single PIN diode phase shifter 
The principal limitation of the PIN diode phase shifters investigated, was 
that their performance was restricted to phase changes in the vicinity of 00 or 
360°. To make full use of this phase shifter concept further work is needed to 
extend the degrees of freedom in the design. This could be done by modifying 
the geometry of the matching section, so as to give a greater difference in 
performance when the diode is switched from the off to the on state, thereby 
suppressing one of the propagating modes. A further possibility would be to 
develop a geometry which would load one of the propagating modes as was 
done for the even mode in chapter 2. 
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8.2.6 Digital phase shifter, using cascaded single PIN 
diode phase shifters 
It was envisaged that the compactness of the single PIN diode phase shifter, 
together with the need for only one switching element, would make this 
circuit particularly suitable for expansion into a digital device, wherein a 
number of single PIN diode phase shifters could be connected in cascade. 
Using this technique an n-bit digital device could be constructed with only 
n active switching elements. In addition to assessing practically the per- 
formance of such a device it would be useful to extend the basic analysis 
to include the effects on performance of interactions between closely phase 
shifting elements. Three sources of interaction need to be investigated: (i) 
direct electromagnetic coupling between the various coupled line sections; (ii) 
multiple reflections along the main transmission path; (iii) evanescent field 
coupling. 
8.2.7 The microstrip gap 
At an early stage in the work a significant error was found in the widely 
quoted closed-form expressions for the capacitance values in microstrip gap 
equivalent circuits. While the error can to some extent be rectified by in- 
cluding a scalar value in the expressions, they still contain a significant dis- 
continuity. It would be worthwhile, in terms of gaining practical design in- 
formation, to model a microstrip gap using a modern commercial simulator, 
such as HFSS, and from the results of this to generate a more up-to-date-set 
of circuit design equations. 
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Appendix A 
A. 1 Exact analysis of coupled-line phase shifters 
Equation 2.1 can be expanded to give 
Vie = V4e cos Oe +A Zoe sin 0, (A. 1) 
Ile = jV4eYoe sin 0e + 14. cos 0e (A. 2) 
and similarly 2.2 gives 
Vio=V4ocos00+j140Zoosin©o (A. 3) 
Ilo = jV4oYoo sin ©o + 14 cos 0.. (A. 4) 
The boundary conditions are 
V4o = V30 =0 (A. 5) 
I4e = 13o = 0. (A. 6) 
Substituting the boundary conditions into equations A. 1 to A. 4 gives 
Vle = V4e COS Oe (A. 7) 
Ile = jV4eYoe sin 0e (A. 8) 
and 
Vjo = j140Zoo sin 00 (A. 9) 
Il, = I4o cos 0,. (A. 10) 
The input impedance at port 1 is given by 
Vi. e + V1o Zin l= , Ile + ho 
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v1ý+Vio 
iV4eYoeSlllee+I4oCOS Bo 
_ 
Vie+V1o 
c 
8-Yoe 
Sine, +j Z00sinBo COSt/o 
Vle+V1o 
(A ii) 
, 
%(VleYoe tan Be - VioYoo cot ©o) 
V. "1I 
Now, if Zle and Z10 are the input impedances at port 1 for the even and odd 
modes respectively, then 
vi` 
Z'e V 
(A. 12) 
Z1e + Zo 2 
VIo 
Z'° V 
(A. 13) z10 + ZO 2 
Also, from equations A. 7 and A. 8 
and 
Zu = 
jle 
= -jZ0ý cot 9, (A. 14) 
Zlo = 
Ili 
= jZoo tan O0 (A. 15) 
Substituting from equations A. 12 through A. 15 into equation A. 11 we obtain, 
after straightforward manipulation 
2ZoeZoo cot 0, tan 00 - jZ0(Zoe cot 0, - Zoo tan Oo) Z$.,. _ (A. 16) 2Z0 -j (Zoe cot 0, - Zoo tan Oo) 
The input reflection coefficient, S11, is given by 
Sil = 
Zi., i - Z. (A. 17) 
Zi. j+Z. 
It should be noted that if we put Oo = 0, = 0, the expression for Z;,,, 1 becomes 
2Zo, Zoo - jZo(Z., cot 0- Zoo tan 0) () Z"`'1 -A 2Zo -j(Zoecot0-Zootan0) "18 
and then, if 
we obtain 
zo = z, ýzoo (A. 19) 
Zin. l = Z. 
(A. 20) 
which is the nominal matched condition. 
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The transmission coefficient representing transmission between ports 1 
and 2 is given by 
V2V2e+V20 
(A. 21) Vi Vie + Vio 
From considerations of symmetry, equation A. 21 can be written as 
V2 ve-Vo 
Vi Vie+Vio 
z, ý _ z, o 
_ z,. +zo z,, +zo (A. 22) z1 ,+ z10 z,. +z, z, o+zo 
Thus, substituting from equations A. 14 and A. 15 we obtain 
V2 
_ -ý 
Zo(Zoe cot B, - Zoo tan O) (A. 23) 
Vi 2ZOeZoo tan 9o cot Be - jZo(Zoe cotO - Zoo tan 90) 
From equation A. 23 the transmission phase change is obtained as 
_ -1 
(Z°(Z°° cot 8, - Zoo tan 00)1 
2+ 
tan- 
2ZZootan©ocotO 
(A. 24) 
This is the exact expression for insertion phase. We can simplify this last 
expression by making assumptions about ZOe and Zo, and by letting ©, = 
90 = 0. We have already established that the approximate theory, averaging 
the odd and even mode velocities, yields a matched input condition when 
Z. = Z. "Z.. - (A. 25) 
Substituting these simplifying conditions into equation A. 24 gives 
whence 
1 Zoecot0-Zootan01 =2+ tan- 
1 
2sQrtZoeZoo J 
(A. 26) 
cot = 
Zoo tan B- Zoe cot 4 (A. 27) 2sgrtZoeZoo 
Using the trigonometric relationship 
cote 
cos 20 (A. 28) 
1- cost 0 
we obtain 
cos = 
Zoo tan 0-Z., cot 0 (A. 29) 
Zoo tan 0+Z,,, cot 0' 
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Now we know that =0 when 0=0, hence 
- tan20 Z°° (A. 30) cos +tangD zo. 
or 
= cos 1p- 
tanz 0 (A. 31) [p+tang0 
where 
Z. (A. 32) 
Equation A. 31 thus gives the approximate insertion phase of the coupler. 
A. 2 Dispersion relationships for parallel-coupled 
microstrip lines 
The dispersion relationships given by GETSINGER [14] are, for the even mode 
fr, eff, e(. 
f) = Er - 
Cr - Er, eff(0) (A. 33) 
1+Ge(f- ) 
fn, e = 
Z. 
(A. 34) 
4µ,, h 
Ge = 0.6 + 0.0045Z0 (A. 35) 
where 
er, efie(f) is the frequency dependent effective relative permittivity of the 
even mode 
Er., eff(0) is the effective relative permittivity of the even mode at zero fre- 
quency 
er is the relative permittivity of the substrate 
Z0 is the characteristic impedance of the even mode at zero frequency 
µo is the permeability of free space 
h is the substrate thickness 
G is an empirical parameter. 
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The corresponding expressions for the frequency dependent effective relative 
permittivity of the odd mode are 
Er, eff, o(. 
f) = er - 
Er _ Er, e11(0) (A. 36) 
1+G0(ff) 
Z°° (A. 37) 
po 
co = 0.6 + 0.018Z00 (A. 38) 
The parameters in the odd mode expressions are defined in the same way as 
for the even mode. 
A. 3 Curve-fitted expressions for gap capaci- 
tance 
The values of the capacitor element values in Fig. 2.13, p. 54 can be expressed 
in terms of odd and even mode capacitances, C. and Ce, such that 
Ce = 2C1 (A. 39) 
and 
Co = Cl + 2C2 (A. 40) 
giving 
Cl = 
2E 
(A. 41) 
C2 = 
C°2C1 (A. 42) 
The closed-form expressions given by GARG AND BAHL [19] to evaluate the 
values of Co and Ce for a gap spacing of s in a microstrip track of width w 
on a substrate of thickness h are: 
mo [ C. 
eko (A. 43) 
W 
m, 
L 
eke (A. 44) 
w wJ 
where Co/w and C. /w are in pF/m and where 
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for 0.1 < s/w < 1.0 
me, =7 
[0.619 log (h) - 0.3853] (A. 45) 
ko = 4.26 - 1.453 log 
WÄ) (A. 46) 
for 0.1 < s/w < 0.3 
m. = 0.8675 (A. 47) 
,w0.12 
k, = 2.043 
(i-) (A. 48) 
for 0.3<s/w<1.0 
1.565 
-1 (A. 49) mý - o« 16 (h) 
k, = 1.97 - 0.03! . (A. 50) w 
The expressions were originally developed for e, = 9.6, but GARG AND 
BAHL [19] provided scaling factors for other values of e,. in the range 2.5 < 
e,. < 15 in the form 
(A. 51) Ce(Er) = Cß(9.6) 
(-9ýr)0.9 
Co(e,. ) = C,, (9.6) \9 6l0s 
(A. 52) 
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Appendix B 
B. 1 Photographs of a selection of test circuits 
Figure B. 1: Partial view of a finger break in a 50Sl microstrip 
line, 
showing the quality of etching of a 30ym gap. (Magnification: x200) 
21 
ýý`ý 
ý, ýý 
-L ý t 
iý `ý 
t W'rr . V9 v -. e. 
It. 
1* Vt 
Figure B. 2: Beam-lead PIN diode mounted across a 100pin gap. 
(Magnification: x100) 
Figure B. 3: 10GHz single PIN diode phase shifter. 
(Magnification: x7.7) 
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Figure B. 4: 10GHz single PIN diode phase shifter with even mode 
loading. (Magnification: x5.6) 
  IAOU 41 0 
,. f 
_ý 
Figure B. 5: 10GHz three-port ring incorporating a single PIN diode 
phase shifter. (Magnification: x5.6) 
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Figure B. 6: 10GHz multi-feed microstrip ring. (Magnification: x4.4) 
4 
1" 
Figure B. 7: 10GHz niicrostrip ring with digital feed network. 
(Magnification: x6.4) 
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Appendix C 
C. 1 Publications 
The following list of publications resulted from the work described in this 
thesis. For the convenience of the reader, scanned copies of the various 
articles are given in this appendix. 
1. Free, C. E. and Aitchison, C. S., 'Excess phase in microstrip DC blocks', 
Electronics Lett., 1984, Vol. 20, No 21, pp892-893. 
2. Free, C. E. and Aitchison, C. S., Single PIN diode X-band phase shifter', 
Electronics Lett., 1985, Vol. 21, No. 4, pp128-129. 
3. Free, C. E. and Aitchison, C. S., 'Three-port ring discriminator', Elec- 
tronics Lett., 1986, Vol. 22, No. 3, pp123-125. 
4. Free, C. E. and Aitchison, C. S., 'Microwave oscillator control using 
a switched delay-line technique', Proc. IEEE MTT-Symposium, Or- 
lando, May 1995, pp79-82. 
5. Free, C. E. and Aitchison, C. S., 'Improved analysis and design of coupled- 
line phase shifters', 1995, IEEE Trans., MTT-43, No. 9, pp2126-2131. 
6. Free, C. E. and Aitchison, C. S., 'Analysis of microstrip ring structures', 
Electronics lett., 1996, Vol. 32, No. 10, pp903-904. 
7. Free, C. E. and Aitchison, C. S., 'A digitally controlled microwave os- 
cillator', Proc. 26th European Microwave Conference, 1996, Prague, 
pp677-680. 
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in the framework of the exponential model of monthly excee- 
dances rather than from a large number of single-year worst- 
month statistics. However. before making use of the model it 
should be verified that the cumulative distributions of 
monthly exceedances can be represented reasonably by expo- 
nentials. 
F DINTELMANN 31rr . 4uqu.. t 1984 
ForsrhunNsinsgeut der Deutschen Bundespost 
e, Jou OnrmstudL W Germany 
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EXCESS PHASE IN MICROSTRIP DC 
BLOCKS 
Indexing termtý Microwave devices and components, Micru- 
'. trip 
The letter gives details of excess phase calculations and mea 
. uremenw on microsrrip DC breaks. Published microstrip 
dre mtinuity data hu. s been used m develop on cquivnlent 
e-r, ml which miclds very good agreement between expen- 
ental and theorelicnl phase revolts over the frequency range 
1 eu 1: (, Ha. 
lnrroducrion: The use of the conventional microstrip finger 
break is widespread in microwave circuit designs. One aspect 
of the finger break performance which does not appear to 
have been addressed in the literature is that of excess phase: 
. c. 
Ire difference between the phase change through the break 
and through the same physical length of 50 fi microstrip line 
There are a number of applications where it is important to he 
nhie to predict the excess phase with some degree of accuracy 
Theoretical and experimental results are presented for twnr 
microstrip DC blocks of slightly different geometry, the can 
ventional finger break and a simple jig-zag slit. The two cum 
figurations are shown in Figs. 21, and 3H. In each case the 
measured excess phase is compared with theory. 
Theory. The total phase change through the finger breaks 
investigated may conveniently be divided into two parts: (a) 
the phase change through the coupled line section; (fi) the 
additional phase due to the end discontinuities. 
The calculation of the phase change through the coupled 
lines is straightforward from the analysis of coupled, open- 
circuited rnicrostrip lines' and is given by / Ssr. where 
2Z, 
(Z ifI )(Z22+1)-Zig Izt 
Zo, +A. cot A 
2 Z0 
Zo, cosec 
Z 
Z is the characteristic impedance of the main microstrip line, 
0 is the electrical length of the coupled section, Z,,, and Z.  
892 
are the even- and odd-mode characteristic impedances of the 
coupled line. 
The latter expressions were the basis for the VSWR calcu- 
lation for the finger break originally reported by Lacombe and 
Cohen. ' Clearly, in a microstrip finger break, each of the 
fingers is not terminated in it pure open circuit, and some 
addition to the above expressions is needed to account for end 
effects, 
Three discontinuity components may be identified as being 
associated with each finger end, namely: (i) art inductive com- 
ponent related to the narrowing of the main 50 (I track to 
form the finger: (fit capacitive coupling between the linger end 
and the adjacent 50 f1 track end; (iii) fringing capucitancen at 
the track ends. An equivalent circuit of the form shown in I ig. 
I may be deduced to represent the discontinuity at each finger 
end. 
er sort main line 
^- 
I---- 
nap 
I fing, 
C, C1 
Qäß 
Fig. I Ey-alenr rirruir P--pled line cud d, sroruinidr, en 
Itammerstad and Bekkadal' have given expressions which 
enable the Individual elements of the circuit of Fig. 1 to be 
calculated from the rnierostrip geometry and hence to be rep- 
resented by some equivalent line lengths. 
Results: The circuits shown in Figs. 2u and Ja were fabricated 
on RT!, Duroid 6010, which had it substrate thickness of 
635 um and a relative permittivity of 10.4. 
Table I gives the calculated element values for the equiva- 
lent circuit of Fig. I; data are presented for the two IX breaks 
investigated. Converting the values from Table 1 into the 
upprn niriii eymvaleni line lengrh. hue 
111 and 20C irr In red,. ... ..... -Toes aý 
60ff 
s 30Vm W=t60W 
50 
lk 30F 3 06mmý 
ß5 
u 
-1f ti5ýi1 
meowed 
camOWKI, A 
b -Z canputed, 
B 
Fig. 2 
u lent uircml: phoiograph shows enlargement of principal 
fealu cs 
cl. 3 ( mm finger break 
h Comparison of measured and theoretical excess phase 
for 
3 06 mm linger break 
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Table I VALUES OF DISCONTINUITY EOUIVALENI' 
CIRCUIT ELEMENTS DEFINED IN FIG. I 
L Ca C: C3 
pH pr pr pF 
Finger break 74 00015 00018 0.020 
Zig-zag slit 44 0.0030 00030 0.024 
the finger break and rig-zag slit, respectively. The measured 
and calculated excess phases are compared in Figs. 2h and 3h, 
over the frequency range 8 GHz to 12 Gllz. In each case 
graph A is the calculated excess phase neglecting the end cor- 
rection and B the calculated excess phase including the end 
correction in the form of the above specified additional line 
knetbi 
Ls2' 
s. 70Vm 
351mm 
oJ 
o, u. ed computed ,A comgdeeB 
Fill. 3 
u Tat circuit: photograph shows enlargement of principal features 
of. 151 mm zig-zag slit 
b Comparison of measured and theoretical excess phase for 
1 51 mm zig-zag slit 
tic measured values were obtained with an 111' 9410 
network analyser. It is evident front the results that there is 
good agreement between the measured excess phases and 
those computed theoretically with appropriate end correc- 
tions. It should be noted that the finger break has a smaller 
excess phase than the zig-zag slit. 
Insertion loss measurements performed on the two different 
configurations of DC break gave comparable results 
I -- 03 dB) over X-hand. 
Concluaiom. The excess phase has been shown to be signifi- 
cant, over X-band, for the popularly used microstrip DC 
finger break. Moreover. end effects have been shown to con- 
tribute significantly to the total excess phase. An equivalent 
circuit has been deduced to represent the discontinuities which 
yields good agreement between experimental and measures) 
values of phase. The agreement has been shown to hold for 
two microstrip DC blocks of slightly different geometry. 
C. 8 FREE 2nd August 1984 
C. S AITCHISON 
Drpurtnurnr rf Electronics 
Chelsea Coltepe 
Patton Place. 1. nndnn SW6 SPR, England 
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AUGER RECOMBINATION IN LONG- 
WAVELENGTH QUANTUM-WELL LASERS 
Indexing trrmu Larer. s and laser , pphrmirrn S. nur.. nil ... 
Luvs 
A rirrmuta for the ratio of the Auger recombination rates ur 
quantum-well and bulk structures is derived Signiliwnt 
changes in the Auger reannbutation to long wavelength 
lasers arc not expected on using a quantum well instcud ei a 
rsmentinnul double hetcrustrusture uutas the carne 
density is reduced 
I lie advent of long-wavelength quantum-well laser., ' is of con 
cidcrable importance Ihr sources in long-haul opticaLhhre 
communication systems operating in the region of 1 55 pill 
because five quantum size ettect provides extra degrees of 
freedom. namely the quantum-well width and harrier height, 
for device optimisnuon In the development of such devices, 
, onic of the important problems will 
be to maximise the tune 
nesccnt efficiency and minimise the threshold current and its 
sensitivity to temperature. Sind, Auger recombination is the 
only alternative recombination path to radiative recomhi 
nation in idealised material fi. e, free of midgup level, ) and is 
known to contribute in part to the temperature sensitivity of 
the threshold current of conventional long-wavelength hulk 
lasers, "' its study in relation to the above development prob- 
lems is highly relevant 
Ab initin calculations of Auger recombination using stan- 
dard theory` are inreliuhle at present even m bulk material 
because of the many drastic approximations made. e. g. iso- 
tropic parabolic hands' and oversimplified estimates of 
overlap integrals. '" Calculations of Auger recombination in 
quantum wells already puhlivhed by other authors, -" contain 
yet further approximations und concentrate on presenting 
numerical as uppusal to analytic results. However. it is rca- 
sonable tu assume that file comparison of Auger recombi- 
nation rates in bulk material and a quantum well can he more 
reliably calculated. A formula displaying the effects of size 
quantisatiun on Auger recombination would be very useful in 
giving guidelines for laser design, and such it formula is pre- 
sented in this letter. 
Consider the so-called CHCC process (see Fig. II in which 
an election in the conduction band recombines with it hole in 
the heave-hole band. the energy and momentum so liheralM 
being taken up by it conduction-band electron moving further 
up the conduction hand While this specifics the Auger reconi 
bination process to be discussed precisely fit the bulk, further 
specification is needed in a quantum well. Roth the conduc- 
tion and heavy-hole bands are subdivided into sub-bands in a 
quantum well. Provided! site gwmtisaiinn effects are sufficient 
ly strong. i. e. the well is not too wide and the heterojuncrion 
barriers are sutfictently high, then the majority of carriers will 
be in their lowest cub-hands lt will he assumed that the Auger 
electron also reniauts in the lowest conduction sub-band 
during the recombination process. 
An analytic result for the Auger recombination rate for the 
above quantum-well Vrocess has been derived in detail else- 
where by the authors. 
' The calculation used exactly the sanic 
assumptions, e. g. isotropic parabolic hands etc., as the calcu- 
lation by (laug er al 1' for the CHCC Auger recombination 
rate in bulk material, who also obtained an analytic result. 
Denote by Rpa the C'HCC Auger recombination rate per unit 
volume previously derived by the authors in the wide-well 
width limit" which. in fact. works remarkably well for the 
quantum-well widths commonly of practical interest (in the 
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measured by moving the array of ten probes. The pad array 
must be subject to the constraints that probes must never 
overlap scribe channels. The example showing Fig. I includes 
most of the basic device structures required for process evalu- 
ation, including transistors of several aspect ratios, and fea- 
tures to characterise resistivity, ' linewidth, " misalignments 
Contact resistance'-' and capacitance. 
Conclusions: A new concept in test chip design has been pre- 
sented which removes the requirement for the relay matrix 
which is the most unreliable component in a parametric tester. 
At a cost of £lO-301100, it is also one of the most expensive 
parts of the test system. A potential source of noise is also 
eliminated, so the overall result is an increase in system per- 
formance with a significantly reduced capital cost. This is 
achieved at the expense of longer testing times due to 
increased prober movement and a reduced packing density on 
the PCC. The fype of system which will suit a given test 
facility is dependent on a large number of parameters such as 
cost, accuracy, throughput, reliability, range of processes 
handled and chip area available. s Bearing this in mind, the 
above approach will, in many situations, provide a viable 
alternative to the present generation of parametric testers. 
A. J. WALTON 22nd Nonanbtr 1984 
J. M. ROBERTSON 
R. HOLWILt. 
M. B. MOORE 
Edinbwgh MknvJnbrk«gwn Facility 
Department nji. f eirktd Enginramg 
Unluasity of Edinburgh 
Kings Buildings. F. dmhurph EH9 3JL. Scotland 
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SINGLE PIN DIODE X-BAND PHASE 
SHIFTER 
Indexing (error: Mierpwave devices and component; Phase 
shifters 
A new design of microstrip phase daher is described which 
uses only one PIN diode per bit of phase shift. Results are 
presented for a representenw device which show good agree- 
ment between experimental and theoretical results at 
X-band. In particular, the device har been %hewn to yield a 
useful 20% bandwidth centred on 10 GHe 
Introduction: Conventional designs of digitally controlled 
phase shifters so far reported in the literature require the use 
of at least two switching elements, normally PIN diodes or 
FETs, per bit of phase shift. The various configurations of 
128 
traditional designs have been conveniently summarised by 
While. ' The mcroatrnp phase shifter described here is a depar- 
ture from conventional designs in that it employs a single PIN 
diode. It would appear to offer advantages over existing 
designs in terms of reduced cost and circuit complexity. 
Circuit description: The circuit of a tingle-bit microstrip phase 
shittcr is shown in Fig. 1. The arrangement consists of two 
coupled line sections, A and B. with it PIN diode mounted at 
their intersection with the main 50 A line. Section A, in which 
the lines are connected at the remote end to form a short- 
circuit for the odd mode, contains two symmetrical DC breaks 
in the form of zig-zag slits. These permit DC biasing of the 
PIN diode. Section B is a high input impedance matching 
section. 
It will he observed that section A, without the DC breaks, 
forms an allpass filter of the type described by Jones and 
Bolljohn2 and subsequently employed by Schiffman' in the 
design of passive differential phase shifters. 
Principle of operation: A specified phase change is obtained by 
switching the PIN diode; the frequency response is simply the 
difference between the phaso. frequcncy responses of the circuit 
in the two diode states. The circuit is designed to be matched 
to the main line, at the centre frequency, in both states. 
Stare 1: PIN diode of, * In this state the two coupled line 
sections are effectively in parallel. The input impedance of the 
B section is designed to he high so that most of the signal will 
he transmitted through section A with a transmission phase 
change determined mainly by I, The equivalent circuit is 
shown in Fig. 2. 
A 
Son son 
8 
M 
pig. 2 Equwuk ii ck oil: PIN diode off 
State 2: PIN diode on., The nominal short-circuit presented by 
the PIN diode in the on state inhibits the formation or the 
odd mode on the coupled lines. In this condition, therefore, 
the A and A sections will behave as shunt connected stubs, 
each supporting an even mode. The equivalent circuit is 
shown in Fig. 3. The circuit parameters are chosen no that the 
stubs present equal and opposite input susceptences to the 
main line at the centre frequency, and hence cancel. 
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Design considerations: 
Section A: The appropriate design equations are: 
Zo ° . 
/Zo.. Zoo, (1) 
46 
- tan' 61 
-Cos- ip+ tan, ßla} 
+b (2) 
P= Zo. r Zw, (3) 
where Z. is the characteri. tic impedance of the main line 
(50 f]), qi is the required phase change, i is the additional 
501'. IBS 5i;;. 
76013Fig. 
3 Equioafvni clean: P1.5 ii or, 
phase introduced by Lx breaks. Z,,,, is the characteristic 
impedance of the even mode, Zoo,, is the characteristic un d- 
ance of the odd mode, and p is a factor which determines the 
shape of the phase-frequency response with the diode oll. 
Having selected p, Z0 , and 
Zo,, are evaluated from eqns. I 
and 3: hence the line geometry for section A can he computed. 
The value of l,, to give the required phase change is then 
obtained from eqn. 2. Eqn. 2 includes a term it to account for 
the excess phase due to the zig-zag slits. ` The slits will affect 
the propagation of the even mode and electively modify the 
electrical length of the coupled section. 
Section B. The impedance presented by section B to the main 
line depends on Zo,.., Zý, and 1.. These variables allow suffi- 
cient degrees of freedom to satisfy the following requirements 
for section B: 
(a) With the diode off, the section should present a high 
impedance to the main line. 
(b) With the diode on, jH, _ -jB,, (Fig. 3). 
(e) The overall electrical length 1, + Ie should not be at 
multiple of n with the diode on to avoid resonances: this 
implies Z0,.. # Z. 
In addition to the (actors discussed above for the design of the 
two coupled sections, it is necessary to consider circuit discon" 
400, 
x150 " coroputod 
F too 
a 
L 
° maowred 
50 
9 925 95 975 10 1025 105 1075 II 
frequency, GHz 
M 14 
ý12 
F1 
c ° 
- 06 " computed 
}04 
o'2 
o° 
Qm red 
9 925 95 975 10 1025IDS 1075 11 
frequency GlIr 
11g 4 Comparison of measured and theoretkul data ! in a ringle-b41 
phase Afficr 
Test irowt details. 
Section A: length f, - 4.03 mm, track widths - 490 tam, contra 
gap -- 90 pm. DC slit glitt - 45 an, nominal slit length - 2N mm 
Section B length (e -5R ntm, truck widths - 7(A) Atin. centre 
gap = 90 in 
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tinuities. Two sources of discontinuity were found to be sig- 
nificant, namely those associated with line end effects and with 
the T -junctions. 
Results: Theoretical and measured data for a representative 
device are compared in Fig. 4, which shows the difference in 
phase between the two diode states. The device was fabricated 
on RT/Duroid 6010 which had a relative permittivity of 104 
and a substrate thickness of 625 pm. An 11P3900 beam lead 
PIN diode was used as the switching element. A photograph 
of the test circuit is given in Fig. 5. The standard deviation of 
I 
Fig. 5 Photograph of tew 1 ireait 
the measured phase was 5.1` over the frequency range 9 to 
II GHz; the nominal design frequency was II) 0117- The 
change in insertion loss (<0 5 dB) was higher than desirable. 
but further measurements have indicated that it could he 
reduced by improving the PIN diode matching in the on state 
The computed switched phase change exhibits some nunhu- 
earity which could he reduced by optimisation of the circuit 
parameters. 
Cuncfusiumv: A novel mtcrostrip phase shifter has been devel- 
oped. using a single PIN diode, which yields good agreement 
between measured and theoretical data at X"band. The per- 
formance compares well with that or other published desk., 
using a greater number of switching elements. 
The device appears attractive for the developmom of 
compact. multihit phase shifters. 
ci rRi r 271h Nni. e"d"' 14A4 
C'S. kITCHISON 
LlectroniC. r Department 
( hdsea CoUe ' 
Polrun PGar, hu-hu- "V6 SPR. EnNland 
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DYNAMIC LINE BROADENING OF 
SEMICONDUCTOR LASERS MODULATED 
AT HIGH FREQUENCIES 
I , w, -u lrr, nx I ... rr. unJ Inc- upphranon,, Srnw. o. a(urt or 
Directly modulated semiconductor lasers show a pro- 
nounced linewidrh broadening A general und simple expms 
sion for this hnwdcnmg is dctised and ihr amscyum cex tin 
optical communication systems are discussed 
II is well known that it directly undulated laser chows a mit 
sidcrublc lincwidth broadening, e. g. References I 3. This fre- 
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simple analogic system with a comparator which could be 
en. chip should be able to supply the correction gate voltage. 
On the other hand, to use a microprocessor makes the system 
easier to adjust when production is considered. 
Results: With V. =-IV, VA, -5V and 1, - 25 mA (at 
T 'W we compare in Fig. 5 the variations of the fre- 
MMIC 
I. V T senso FET 
Ico aversion oscillator 
adJustmeM 
of Vs. 
MUD - 
pmress, ng CD 
system 
F q. 4 Syrmptic offeedback frequency stabilisation loop 
z7d62 \\ 
J \, 
a7G52 ýýý\ 
7442 
-40 oT .C 40 eo 
the chip and has cpmisted of ä microprocessor, an EPROM 
and a DAG The We, of a microprocessor enables an efficienf 
correction with any kind of fiT characteristic; the stabilisation 
loop could, however, be greatly simplified if one obtained a 
linear variation of the frequency against the temperature. This 
feature allows the oscillator to be frequency-stable to better 
than 1 MHz in the temperature range -40°ctd +So'C. 
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THREE-PORT RING DISCRIMINATOR I q. 5 Tempo. atwe dependence offrequency 
-- without stabiIoation 
- with stabilisation 
quency when the temperature varies from -40`C to +80°C, 
auhout (broken line) and with (solid line) stabilisation of the 
: 'cdlator. In the second case, the stabilisation was made at a 
'requency of 7.44 GHz (corresponding to 20`C). 
The frequency variations are less than 1 MHz in the whole 
range of temperature when the feedback loop is closed instead 
, 'i 20 MHz when it is not. Furthermore, the output power is 
20 
E 
m' 
at, 
-40 0 
T. 'C 40 
a0 
BEV 
4in, 4 Temprrarure dependence of auput power 
' -- without stabilisation 
with stabiluation 
analfected by the frequency regulation (Fig. 6). We can con- dude that the stabilisation circuit is very efficient. 
(o41"I8t, iatt. We realised a GaAs MMIC including a FET lxnllator and a Schottky diode which provides for the fre- 
slXIt y stabilisation. The output power is 30 mW and remains Stable to the whole range of temperature (-40 to +80`C). Up 1" now the feedback loop for stabilisation has been outside 
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Indrxing terms: Microwave devices and components, Micro- 
. trip 
A novel microwave discriminator is described which uns a 
angle micrcwtrip three-port ring. Results are presented for a 
representative circuit which show loud agreement between 
theoretical and experimental results user a 20% bandwidth 
centred on 10 CHz The device exhibits a narrowband match 
with a VSWR of 1 14 at the centre fdaigt) frequency. 
Introduction: The conventional arrangement of a passive 
microstrip discriminator uses hybrid rings to perform the 
signal splitting and combining functions, and an additional 
length of microstrip line to provide the required delay. 
The three-port ring structure proposed in this letter, and 
shown connected as a discriminator in Fig. 1, achieves con. 
IA 
---- -- 
Fig. I Three-port ring dixrednata 
siderable simplicity by combining the signal splitting and 
delay functions in a single ring. 
It is expected that the three-port ring device will offer a 
performance comparable with that of the usual dual hybrid 
ring arrangement, in terms of discriminator linearity and 
input match. 
Circuit operation: Fig. I shows the three-port ring arrange- 
ment with the port separations specified at the design (centre) 
frequency. If a signal at the design frequency is applied to port 
123 
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1. it follows from consideration of the port spacings that there 
will be equal outputs at ports 2 and 3. If the frequency is 
increased, the waves travelling in opposite directions around 
the ring will tend to move into phase at port 2 and out of 
phase at port 3, by virtue of the quarter-wavelength spacing 
between these ports. Hence the output from port 2 will 
increase and that from port 3 decrease. Conversely, if the 
frequency is decreased, the waves will move into phase at port 
3 and out of phase at port 2. Thus, by combining the detected 
outputs at ports 2 and 3 in a differential amplifier, a discrimi- 
nator response will be obtained. 
The circuit in Fig. I shows the basic port separations, but 
the sensitivity of the discriminator can be improved by 
increasing the separation between ports I and 3. If the 
increase in separation is some multiple of . i, the circuit condi- 
tions at the centre frequency will not change. 
Theory: The circuit can conveniently be analysed by applying 
the odd and even mode approach used for hybrid rings; see, 
for example, ZarbeL' This method of analysis makes use of a 
plane of symmetry through the circuit to reduce it to simpler 
equivalent two-port networks. 
It is observed, in the three-port ring of Fig. 1, that there is 
geometric symmetry about the plane AA'. Thus, in-phase 
waves of unit amplitude applied at ports 1 and 3 will generate 
the even mode, and antiphase waves of unit amplitude applied 
at the same ports will produce the odd mode. The circuit may 
therefore be split along the plane of symmetry to give the two 
required equivalent circuits. It should be noted that taking the 
symmetry plane through one of the ports requires that port 
impedance to be doubled in the equivalent circuit. The 
analysis then proceeds on the lines given by Zarbel. 
A particular solution for the three-port ring may be found 
by adding any linear combination of odd and even mode 
solutions. 
The required solution, for a wave of unit amplitude at port 
I, is given in terms of S-parameters as 
T". +Tii. S" - 2.0 
Sýý_T21. +Tzt. 2.0 
T33 - T33. Ti ld ~T3. Sat - 2.0 2.0 
where 7,. and T, are, respectively, the odd- and even-mode 
reflection and transmission coefficients. 
The theoretical discriminator function is obtained from 
IS211- i S, i i. A computer analysis, based on the above 
theory, showed that the best input match is obtained with a 
ring impedance of 70 Q. 
1090 pm 
ý2920ynýý2920ym_. ý 
11150 pm 
Fig. 2 Trr1 am, u Uran th,, namiu skowa) 
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Test circuit. The test circuit, shown dimensioned in Fig. Z 
was fabricated on RT/Duroid 6010, which had a substrate 
thickness of 635 pm and a substrate relative permittivity or 
10.4. The nominal port spacings were 2/4,2/4 and 112/4. Data 
interpolated from Easter's results. were used to compensate 
the port spacings to allow for the T -junction discontinuity 
effect. This compensation modified the through arm of each 
junction by -132 Nm. For convenience the ring was made of 
rectangular geometry, and this necessitated a further com- 
pensation for the corner discontinuity. Using the same source 
as above, a value of -76 pm was obtained as the modifi. 
cation to the mean distance around each corner. 
The port impedances were 50 0 and the ring impedance 
7011 A single open-circuit stub was used to match the input 
to 50 11 
Results: The results shown in Figs. 3 and 4 were obtained 
using an HP 941 0A network analyser. The value of IS, II was 
Fla. 4 Input match of threrport Nnp 
Q marsued 
" theoretical 
obtained directly, and the measured discriminator respone 
from measured values of Sr, and Sit. 
The measured values of Sii have been corrected fordo 
OSSJ coaxial to tnicroetrip transition used on the measunni 
jig- 
Discussion: In addition to the T)unction discontinuitO 
ulfctnmg the port spacings, reflections within the ring cauoJ 
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Fig. 3 Normalised discriminator rnppmw 
measured 
" theoretical 
frpu. ncy . OHZ ILIM 
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by the junctions were identified as a source of error. These 
reflections are amenable to analysis, but the results have not 
been included here. 
The input match shown in Fig. 4 is rather narrowband, 
owing primarily to the use of single-etub matching, but the 
situation could be improved with a suitable broadband 
arrangement. It is also thought that the position of the input 
port could be optimised to eliminate the need for additional 
matching elements, and this is the subject of further work. 
11 will be noted that the theoretical discriminator response 
a asymmetric about the zero level. This does not impose any 
limitation on the application of the device, since a differential 
amplifier would normally be used to combine the outputs 
from ports 2 and 3, and an offset could be applied to the 
amplifier to achieve symmetrical limits for the discriminator 
response. 
(unctusions: The proposed three-port ring has been shown to 
peld a useful, predictable discriminator characteristic. 
Ahhough it has been shown to be possible to match the device 
at the centre frequency, it has the disadvantage, with single- 
stub tuning, of giving a narrowband match. 
The reduction in circuit sire offered by the three-port struc- 
ture. compared with traditional designs, could be awful in 
M IC applications. 
C. E FREE 9th December J985 
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APERTURE-COUPLED MICROSTRIP 
ANTENNA WITH A PERPENDICULAR FEED 
Indexing trans: Antennas, Mterestnp murntuu 
A new technique is described for feeding printed antenna. A 
tnicroetrip antenna on one substrate is coupled through an 
electrically small aperture to a mtcrostrip feed line on a per- 
pendicularly oriented substrate. No direct connection i 
made to the patch. Such a geometry allows two separate 
substrates to be used for the antenna and feed functions. 
Measurements or a prototype design are presented 
I'l"Id minn: Recently, an aperture-coupled microstrip 
+ntenna was reported. ' This antenna was coupled through an 
dtkrture to a microstrip feed line on a separate parallel sub- 
"late bonded to the antenna substrate. This letter describes a 
'+riation on the aperture-coupled microstrip antenna of Reference 1, where the food substrate is oriented perpendicular tu the antenna substrate, as shown in Fig. 1. An electrically unall rectangular aperture in the ground plane of the antenna Obstrate below the microstrip element is fed by a microstrip line on the perpendicular feed substrate. The bottom edge of the slot is connected to the ground plane of the feed substrate, and the top edge of the slot is connected to the microstrip line. Ihrs direct connection of the feed line to the aperture is very imPnrtant. A number of degrees of freedom, such as slot 
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Length. width and position relative to the patch, exist to 
control the coupling between the feedline and the microstrip ". 
element. As will be seen, this design can easily be matched to a 
50 fl line. 
m. crostnp antenna sub5trote patch on - 
front Side mi trate cou ping 
aperture 
... .......... 
resonant 
1 
mon d 
cps rop 
o erturý im 
of patch 
M 
ýV2 microstný 
ro t toed line 
ground 
Fig. I Exploded eeomerry of aperture-coupfd nurroarnp anemia wüt, 
perpeedicsiarfeed 
The basic antenna properties of the microstrip element are 
essentially the same as if the element were fed with the more 
conventional coaxial probe or directly connected mkrostrip 
feed line. Thus, the aperture coupling method of this letter has 
little effect on the radiation patterns or bandwidth of the 
microstrip clement. As with the aperturo-coupled element 
described in Reference 1. this new design can be used for cir- 
cularly polarised elements, as well as arrays. Dual-polarisod 
elements would probably require some sort of 'eggcrate' 
arrangement of the feed substrates, and so may be less practi- 
cal. A number of advantages accrue from such a design, par- 
ticularly for large phased arrays where active circuits for 
phase shifters etc. are integrated on the toed substrate: 
(i) Significant space is available on the feed substrate as a 
result of regaining the 'depth' dimension (older waveguide 
arrays always used this depth for phase shifters and T/R 
modules). 
(i) A modular approach can be used for fabricating the feed 
network and associated circuitry. 
(iii) The feed network and circuitry is completely isolated (by 
the antenna substrate's ground plane) from the radiating aper- 
ture. Spurious radiation and coupling are thus eliminated. 
(iv) The use of separate antenna and feed substrates avoids the 
conflict of differing requirements for radiation and circuit 
functions, and reduces the scan blindness/bandwidth compro- 
misc. ' 
It is interesting to note that this design is analogous to a 
waveguide-fed microstrip element, ' where an iris-terminated 
waveguide was connected at right angles to a microstrsp 
aritcnna substrate. In that work, vary poor matching results 
were obtained until the iris size was increased to the wave- 
guide dimension. In the present design, the aperture is compa- 
rable in size to the effective cross-section of the microstrip feed 
line (waveguide). (The effective cross-section or the microstrip 
is larger than the physical width of the he due to fringing 
fields. ) 
As in Reference 1, some simple theoretical considerations i 
can be derived easily to predict the salient features of the' 
coupling mechanism between the microstrip-kd aperture and 
the microstrip antenna element. This is followed by a descrip- 
tion or a prototype model and resulting measurements. 
Basic theory of the coupling mechanism: A first-order coupling 
theory can be developed based on the cavity model of the 
microstrip antenna' and small-hole coupling theory. ' 
Assume the rectangular microstrip antenna is resonating in 
the dominant TM100 mode. By the cavity model, ' the fields of 
this mode can be expressed as 
E, (x) -jýk., coa 
äx (1) 
He(x) _! sin 
Rx (2) 
aa 
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MICROWAVE OSCILLATOR CONTROL USING A SWITCHED 
DELAY-LINE TECHNIQUE 
Charles E. Free' and Colin S. Aitchison2 
1. School of Electronic Engineering 2. Dept. of Electrical Eng. & Electronics 
Middlesex University Brunel University 
London Nil 2NQ, UK Middlesex UB 1 3PH, UK 
ABSTRACT 
A novel arrangement is described which uses an 
oscillator feedback network, incorporating a 
switched delay line, to stabilize the oscillator 
frequency and to permit electronic frequency 
selection. The circuit, which has been fabricated 
and tested in hybrid MC form, makes use of two 
simple microstrip circuits to achieve the delay line 
and switching functions. A three-port discriminator 
is used to provide the effective delay line and 
single PIN diode phase shifter is used to achieve 
delay switching. Results are presented which show 
that the circuit provides good frequency 
stabilization, together with predictable frequency 
switching and a reduction in oscillator phase noise. 
INTRODUCTION 
The technique whereby an oscillator is stabilized 
using a feedback network incorporating a delay line 
has been well established in the literature. 
Generally, however, this is achieved using some 
form of lumped delay line, such as the bulk-wave 
line employed by Amblart and Peyrat [1]. The 
principal disadvantage of the existing techniques, 
particularly where SAW devices have been used, is 
a limitation in frequency, since suitable delay 
devices are not available at the higher microwave 
frequencies. In this paper we show that the 
stabilization can be achieved using a simple three- 
port microstrip discriminator, based on the circuit 
of Free and Aitchison [2] and, moreover, that the 
frequency of the oscillator can be altered by 
CH3577-4/95/0000-0079501.00 0 1995 IEEE 
incorporating a switched phase shifter in the 
discriminator ring. Thus the basis is provided for 
the development of a digitally controlled oscillator, 
with good frequency stability, but at considerably 
less cost than a conventional discretely stepped 
frequency synthesizer. The arrangement is simple 
and there is no inherent frequency limitation to its 
operation or circuit implementation. Although a 
hybrid circuit has been investigated, the choice of 
simple circuit geometries makes the arrangement 
viable for integration in monolithic form. 
Figure 1 shows the conventional arrangement of a 
delay line stabilized oscillator. 
The circuit is essentially that of a microwave 
frequency discriminator, where the value of delay, 
T, is chosen to centre the discriminator characteristic 
at a particular frequency. Should the oscillator 
frequency change, due to noise or long-term drift, 
then an error voltage is produced at the phase 
79 
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detector output and applied as a controlling voltage 
to the VCO to maintain the original frequency. 
If the delay is switched to a different value an 
offset voltage, V., will be produced at the feedback 
input to the VCO, which will lock to a new 
frequency, but still with the stabilization 
charactenstics determined by the discriminator 
circuit. In the circuit proposed here, and shown in 
figure 2, the delay switching function is achieved 
by including a single PIN diode phase shifter. 
originally proposed by free and Aitchison (3j, 
within the ring. Thus the effective delay within the 
three port ring is controlled by the diode state. 
One further advantage of the proposed arrangement 
is that the frequency stability, which depends 
ultimately on the delay line stability, will be high 
since the delay line is fabricated on relatively stable 
microstnp substrate. It also follows that there will 
be a reduction in oscillator phase noise, yielding an 
overall noise peformance between that of a fully 
variable frequency oscillator and a more complex, 
and expensive, conventioal frequency synthesizer. 
CIRCUIT DETAILS 
The layout of the microstrip circuit investigated is 
shown in figure 2. The ring dimensions and port 
spacings were determined through the theory 
established in reference [2], to give input and 
output port impedances of 5O0. 
The oscillator output was applied to port I and a 
matched pair of coaxial detectors (HP8472A) was 
connected to port 2 and 3. The detector outputs 
were combined in a differential amplifier to yield 
a discriminator characteristic. It can be seen that 
DC finger breaks have been included in the ring to 
permit biasing of the PIN diode and to prevent the 
DC bias from affecting the two detectors. In 
calculating the dimensions of the ring, appropriate 
allowance was made for the transmission phase 
through the breaks, and this included the excess' 
phase due to the finger discontinuities. 
The circuit was fabricated on RT/duriod 6010, 
having a substrate thickness of 635pm and a 
relative permittivity of 10.4. A low-loss beam-lead 
PIN diode (HP5082-3900) was surface mounted at 
the centre of the single PIN diode phase shifter. 
The magnitude of the phase shift was determined 
by the length, 1, of the coupled line region, as 
described in (3]. DC zig-zag breaks are shown in 
the coupled lines, again to permit biasing of the 
PIN diode. These breaks were included in both of 
the coupled lines to maintain the symmetry of the 
structure and the appropriate transmission phases 
included in the calculation of L. 1. The matching frequency was set by the length, L., of the open 
circuited stub. 
The circuit shown in figure 2 also includes two 
conventional bias pads. 
DISCUSSION OF RESULTS 
Typical results for a three port ring incorporating a 
single PIN diode phase shifter are summarized in 
table 1, with an example of the close-carrier phase 
noise performance for one of the PIN diode states 
being shown in figure 3. 
delay-line discriminator 
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Carrier frequency I ICHz 
Stabilization ratio 25 
Switched freq. step 30MHz 
Change in input 
return loss between 0.31dB 
states 
Open-loop phase 
noise SkHz off -75dBc/Hz 
carrier 
Closed-loop phase 
noise 5kHz off -9ldBc/Hz 
carrier 
Table 1: Summary of typical results 
The results in the table show that a significant 
frequency step, 30MHz, can be achieved without a 
significant change in the input matching of the 
three-port ring between diode states. Clearly, any 
change in the return loss between diode states is of 
particular significance for this type of arrangement 
since any mismatch within the ring, due to the 
switching of the phase shifter element, will cause a 
change in level at the detector diodes. This means 
that the offset voltage will be a function of the 
mismatch in addition to the designed change in, 
delay. The fact that a predictable frequency step 
can be achieved, with only a 0.31dB change in 
return loss indicates that the change in match is not 
significant. 
The value of the stabilization ratio, measured as'the 
frequency deviation of the oscillator to a dc control 
stimulus under open and closed loop conditions is 
a direct function of the sensitivity of the differential 
amplifier, and can be set to any desired value. 
The bandwidth was found to be relatively narrow, 
of the order of 5%, as expected from [2]. This 
could be improved by including some form of 
broadband matching in the ring, following the 
techniques used for four-port hybrid rings. 
The phase noise, shown in figure 3, was measured 
using an HP8472B low-frequency dynamic signal 
analyzer connected across the output of the low- 
pass filter in the feedback network. A continuous 
averaging function was selected on the analyzer to 
display the rms noise. Figure 3 shows the reduction 
in phase noise when the circuit is in lock. This 
reduction was observed in both diode states. The 
magnitude of the reduction is also a function of the 
sensitivity of the differential amplifier circuit. 
ww "f mw rwwe 
wn«wý n..., arwl 
t pa. N, 
Figure 3 Phase noise responses 
Table I gives two examples of the measured phase 
noise, expressed in conventional units of dBc/IIz, 
using values taken from figure 3. In figure 3 itself 
the phase noise is left as a relative level, since the 
absolute value of phase noise is a function of the 
particular test oscillator being used and is not of 
primary interest here. 
CONCLUSIONS 
The predicted functions of a delay line stabilized 
oscillator incorporating a frequency selection 
capability have been verified through practical 
measurement. The novel technique. together with 
the use of simple circuit geometries, offers 
232 
significant potential for the development of 
digitally controlled microwave oscillators, either in 
hybrid or monolithic form. 
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Improved Analysis and Design 
of Coupled-Line Phase Shifters 
Charles E. Free and Colin S. Aitchison, Fellow, IEEE 
Abstract-An analysis of coupled-line microetrlp phase shifters 
In presented which chows that significant differences In theoretical 
17- 
performance are obtained by using an exact analysis in krdts 
of odd and even mode propagation velocities rather than We ° 
r approach 
In which the velocities are averaged. Measured data are 
presented and compared with theory over the frequency range 
8-12 GHx and the agreement with theory to good. 
1. INTRODUC77UN 17;. 1. Coen`-Lion of m. cmwip -4,1. d-Uns phew rluflet. 
T HE CONFIGURATION of a conventional coupled-line 
phase shifter is shown in Fig. 1. The circuit Introduces 
a transmission phase change between ports I and 2 which is 
a function of the coupled length, L5. This form of circuit 
was employed by Schiffman [I] as pan of a broadband 
9Q° phase shifter. However, Schittman's original work was 
based on stripline transmission structures, where the odd and 
even modes propagating along the coupled lines have equal 
phase velocities. Thus Schiffman was able to make use of 
the well known expressions for coupled-line filters developed 
by Jones and Bolljahn [2]. When this type of circuit has 
been designed in microstrip the same transmission equations 
are usually quoted, and the unequal odd and even mode 
velocities averaged to provide, theoretically, a well-behaved 
characteristic with zero insertion loss at all frequencies. In 
this paper a more exact analysis is performed, in terms of 
the independent odd and even mode phase changes along 
the coupled section and shows that for certain values of the 
electrical length, L5, the insertion phase departs significantly 
from the ideal (average mode velocity) characteristic, and the 
device presents a significant mismatch at the input port. Some 
authors, notably Schick and Kohler (3), have recognized the 
problem and suggested modifications to the basic design to 
compensate for the difference in the odd and even mode 
velocities, but there does not appear to have been any extended 
theoretical consideration of the simple coupled line section to 
show the extent of the problem. There is a further problem 
which does not appear to have been addressed in the literature, 
namely that of establishing the actual coupled length that 
should be in situations where the circuit designer is Inhibited 
from using the familiar chamfered entry by other circuit 
considerations. 
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11. THEORY 
The method of analysis used hero follows the conventional 
approach adopted for coupled microet ip lines, whereby the 
total voltages and currents on the structure are obtained from 
the summation of the odd and even mode solutions. Thus the 
configuration of the structure shown in Fig. 2 can be reduced 
to two equivalent circuits as shown In Figs. 3 and 4. 
Each of the lines may be analyzed using simple transmission 
line theory. Thus the currents and voltages at terminals I and 
4. for the two modes, are related by 
II Vt. I1 cc. 9. JZw sin 8.11VM 
IL is. a IIei YO sin 0. coo B. J It14. J 
ýl) 
and 
[Vj, cos t9. jZ ein B, Vý. 
ito, -Y ein B, co$ B 
1f 
14. J 
where Z-, and Z. are the even and odd mode characteristic 
impedances, and Y. and Ye, arc the corresponding admit. 
tunes. The relationships between the voltages and currents 
on We line joining ports 2 and 3 can then be deduced from 
symmetry. On the microstrip structure being considered, pons 
3 and 4 are connected by a narrow conducting link. The link 
is designed to be narrow an that there will be no propagation 
around the end of the coupled section, but rather that the even 
and odd modes will be terminated by open and short circuits, 
respectively. 
(X)IS-948tW3$O4.00 0 1995 ME 
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"a r. z 
Fig. 3. Even munde equrvnknt cucuiL. 
ýýý_. / ý. 
vn 
wry 
Fig a Odd mode egmvelwt eucuit. 
Thus the boundary conditions for the structure may be 
wntten as 
Iae=14e=0 
I! s, = V4, = 0. 
The transmission coefficient, V2/i,, for the circuit is ob- 
tained from 
V2 V2s + V2o (3) Vi vie+Yio 
It follows, from considerations of symmetry, that the trans- 
mission coefficient can also be written as 
V2 1'ia-Viu 
pi Via + Vio 
giving, after substitution for terminal voltages in terms of line 
characteristic impedances 
V2 
Vt 
_ 
-jZ(Z,, cot 0a+Z, tail 0) 
27. cZ , tan 0 cot 0, - jZ, (Z_ cot 0a - Z,,,, tau 0, ) 
(4) 
from which the transmission phase change is obtained as 
aiI Z0(Z- tan B - Z., cot 0. ) ý=2+ tan' 
27-Z_ tan 8 cot Ba 
,' 
(5) 
(The detailed derivations of (4) and (5) are given in the 
Appendix. ) 
If it is assumed that the odd and even modes have equal 
phase velocities, i. e., 8, = 0, = 0, then (5) reduces to 
Z. 
- tang 0 
yS = cost 
Zwo 
(6) ZW 
+ tang 8 
which is the form quoted by Schiffman, and usually employed 
as an approximation In microstrip designs. 
The approximations usually made in coupled-line phase 
shifters also extend to the match of the circuit, wherein it 
is assumed that the input impedance is given by 
Zo Z, , Z, M 
Öý 
x 
Length Imm) 
Approximate analgalc 
Exact oolysts 
Fig. S. 7 eOraticsl Intimdom phssa at 12 GHx, 
ý, 
Y 
9 
2127 
Length (m) 
Fi&. 6. DUTu nce between exea me ypproxirtme OKUrefiw Inxnlco ph. 
e120Hz. 
it is shown in the Appendix that if the exact analysis is 
cmployed the input impedance at port 1 is frequency dependent 
and given by 
71 
- 
2Z .. Z- cot B, tan B - 9Z(Ze, cot Bs - Zm tan B) 
2Z, - j(Z- cot B, - Z tun A, ) 
(7) 
III. COMPARISON OF EXACT AND APPHOXIMATB 7UFORY 
Fig. 
.S shows the theoretical 
insertion phase, computed as a 
function of the coupler length at 12 GH Y, which results from 
using the approximate and exact methods of analysis. It can 
be seen that the exact response departs significantly from the 
approximate characteristic for certain lengths and, as would 
be expected, the difference tends to increase with the length 
of the coupled section. This is demonstrated more clearly in 
Fig. 6, where the magnitude of the of the difference between 
the responses has been pinned as a function of the length, and 
shows that the difference can be as large us 600. 
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TABLE L 
TEST Cuna DIMENSIONS Wml-THE SYMBOLS ARE DEFirSD ui Fig. I 
L. oycn a., u 
Fig. 7.7teaeneal b crom lo= for phw Rhifter mt 12 CHz wwg uicl 
"aly". 
Tha approximate theory assumes that the match of the 
circuit is perfect, and frequency invariant. It can be seen from 
Fig. 7 that the exact analysis predicts significant insertion loss. 
due to circuit mismatch. As would be expected the highest loxs 
occurs in the same region as the highest phase difference. 
IV. PRACTICAL DESIGN 
In order to establish the validity of the new theory a number 
of coupled-line phase shifters of arbitrary length were designed 
and tested at X-band. The coupled-line geometry was chosen 
to give nominal input and output port impedances of 50 f), 
using Z. = (Z, Z,,,, )°"s. There is no unique combination of 
track width (w) and spacing (a) to satisfy this relationship and 
the actual values were selected so as to make the fabrication 
relatively noncritical. In calculating the values of 0. and 0. 
the l3etsinger [4J model was used to account for dispersive 
effects. The effective length of the coupled region for the 
even mode was taken to be Le + 1.,, where i. represents 
the effect of fringing at the remote end of the coupler and was 
evaluated from the well-known expression due to Hammervtad 
and Bekkadal 151. In calculation for L the effective width of 
the fine was taken to be 2w + s. Since the odd mode is fairly 
precisely terminated by the link between ports 3 and 4 no 
allowance was made for fringing, other than to use the full 
value of L,,, including L1,,, 5, for the odd mode on the basis 
that there will be some slight extension of the of the odd mode 
length due to the effective inductance caused by the odd mode 
penetrating into the narrow link. 
V. CIRCUIT DATA 
The test circuits were fabricated on RT/duroid 6010 having 
a substrate thickness of 635 um, a track thickness of 4.5 µm, 
and a relative permittivity of 10.4. The actual dimensions of 
the circuits tested are given in Table I. 
VI. COMPARISON OF PRACTICAL. 
MEASUREMENTS WITH THEORY 
In Figs. 8-12 comparisons are presented between the the. 
oretical insertion phase and measured data over the X-band 
CTPRIIT L 
lf9 26 465 100 
1157 47 676 95 
3 1 66 10 470 _03 
4 4650 52 677 109 
5 6672 54 405 109 
T sontleal responses opprsefwte analysis 
Theoretical responses exact onal9sis 
Meosured data 
Fig. S. Companion of aeaiwod end t weucal data for auamt 1. 
frequency range for five couplers with different lengths. The 
lengths of the couplers were chosen to cover a wide range 
of phases. in arbitrary steps. The error ban associated with 
the measured data show a ±1° measurement uncertainty. It 
can be seen that in all cases there is good agreement between 
the measured data and the predicted response based on an 
exact analysis. For circuit 1, with the shortest coupled length. 
the agreement is particularly good with the exact response 
well within the 1° error bounds of the measured data. For the 
other responses, even when the exact response lies outside the 
measured data error bounds the departure is small compared to 
the difference between the exact and approximate values. The 
agreement between the measured data and the exact response 
Is emphasized by considering the shape of the responses. 
There are significant differences between the shapes of the 
approximate and exact responses, particularly for the longer 
coupled lengths, but in all cases the measured data points 
follow closely the shape of the exact response. 
Figs. II and 12, which represent the longer coupled sections, 
show that the agreement between measured data and the exact 
response lends to worsen at the top end of the frequency band. 
This suggests that some dispersive effect is involved, which 
would naturally increase with the length of the coupled section. 
Getsinger's mode (4) was used to account for dispersion, but 
some authors, notably Easter and Gupta (6), have suggested 
that this model gives a slight overestimate of the effect of 
dispersion. This would he consistent with the results shown in 
Fnq. wnoy (CHx) 
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Theoretical response, opproxliwte malysls 
Theoretical nspensea eroet OW19SIS 
Measured data 
Fis. 9. Companson of mcesur d and theoretical data for cmuit 2. 
ä Y 
x 
Thesntica1 responses approximate analysts 
TheureUoul responses exact analysis 
Keasund data 
Pig. 10. Compxn on of mxmsarcd and theoretical dw for circuit 3. 
ö 
tt I 
s 
Theentf oal responses approximate analysis 
Theoratloa1 tesponset exact analysis 
Measured data 
Fig. 11. Cnmpariý of mead and theoretical dem foe Nüeeit 4 
I 
s 
r 
Theoretical response$ approximate analysis 
Theoretical response, exact analysis 
Measured date 
FW 12. Compeomon of neearod mid hmu oUcd dw fur tinrit S. 
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Figs. 11 and 12, where the predicted insertion phase is slightly appear from the results that this is an unnecessary refinement 
higher than the measured data at the top end of the band. A for the circuit designer and that adequate prediction of the 
more recent dispersion model, from Kirshning and Jansen [7], insertion phase results from using the nominal length. L,,, 
claims to provide a more accurate prediction of dispersion together with small compensations for fringing at Vic remote 
effects at higher microwave frequencies, and could possibly end of the device. 
improve the fit between the measured data and exact theory it is not thought that the bend discontinuity contributed to 
in ft 11-12 GHx region. the departure of the measured data from the exact response 
at the higher end of the measured band, since this effect was 
VII. BtSND DISCONTINUITY only noticeable for the longer coupled sections and suggested 
In calculating the theoretical responses no attempt was made a purely 
length dependent effect. 
to model the discontinuities formed by the 90° bends at the 
entry to the coupled region: indeed, there do not appear to 
VTn, APPLICATION 
exist in the literature discontinuity models which include the While the insertion phase exhibits some degree of nonlinear- 
combined effects of bends and coupling. However, it would ity with frequency, the simple coupled-line section, without the 
Fregwnoy (GHz) Frequency (CHz) 
Fnqu. ncy (CHz) Frequenog CGHxt 
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changes in lint geometry which have been introduced by some 
authors [3], still offers a useful and easily fabricated microstrip 
circuit component, which can yield very predictable results, 
based on an exact analysis. Moreover, its simple geometry 
would seem to be attractive for use at higher microwave fre- 
quencies where changes in line geometry, introduced for mode 
velocity compensation, would themselves Introduce significant 
discontinuities. 
IX. CONCLUSION 
It has been shown that an exact analysis method is needed 
to satisfactorily predict the perforntance of coupled line phase 
shifters and, moreover, that the device exhibits a significant 
mismatch tinder certain conditions. A comparison between 
measured and theoretical data shows that the new theory, based 
on an exact method of analysis in terms of the independent 
odd and even mode velocities, provides a better prediction of 
the nonlinear phase responses which ans observed in practice. 
Useful information has also been obtained on the effective 
length of the coupler which should be employed in practical 
designs. 
The input impedance at port I is given by 
V1, + V1° 
+ 11. 
VI, +Vi° 
AY sin 0° + Ia° COS 0° 
V<+Vi° 
1. Y; 
9. ° ein Bet COS BO COS 7Z°° Ain 0. 
Vi° + Vt. (A9) j(Vi°Y°° tan 4-- V1Y cot d, ) 
Now, if Zl, and Zi° are the input impedances at port I for 
the even and odd modes, respectively, then 
vie _ 
A. V 
Z1. + Z. 2 
(A10) 
Vt. -. 
ZI. V 
(All) Zl+L 2' 
Also, from (AS) and (A6) 
Z1, Ilf = -j L,  cot 6, (A12) 
and 
APPENDIX ZI. = Ito =, j7oo tan 0.. (A 13) EXACT ANALYSIS OP COUPLED-LINE PHASE SrurTtR 
Equation (1) can be expanded to give Substituting from (A10)-(AI3) into (A9) we obtain, alter 
straightforward manipulation, (A14) as shown at the bottom 
Va =V4, cud 0, +jI4, Z,. sin Bo (Al) of the page. 
lie =jV4. Y . sin B +I4, cos 9. (A2) 
The input reflection coefficient, S11, is given by 
and similarly (2) gives S1i - 
Z_ t- Z' (A 15) Z. n. t + Ze. 
Va, = ti csB, + jI45Z, o sin Bo (A3) it should be noted that if we put B. - No - e, the expression 
It, =jV4. Yoo sin 9, +14, coo 0,. (A4) for Z,,,, 1 becomes 
7, e,, cot 9-Z tan 6) The boundary conditions are Z, o 1= 
2Z Z,, - jT( (A16) 2Zo - j(7,,; cot 8 -L tan B) 
Vao=Vy-0 
1,. =1a, =0. 
Substituting the boundary conditions in 
V1. = V4 coo Be 
li. =jV4. Y,, ein B. 
and 
V1. =JI4.4, siu B, 
It. = Ito am B,. 
o (A1)-(A4) gives 
(AS) 
(A6) 
(A7) 
(A8) 
and then. if 
Z. = 7«Z« 
we obtain 
Zi., l = Z. 
which is the nominal matched condition. 
The transmission coefficient representing transmission be- 
tween ports I and 2 is given by 
V4 
_ 
V7e + V20 
(A 17) V1V +VI., 
27.,, Z cot 0. tan 0. -1Z (Z,. cot 0. - s,,, tan 0. ) (A14) 2L - j(Z« cot B. - Z_ tan B) 
Li Z (Z.. wt 6. Z tan B. ) 
vi ! -ý2Z. J.. tau Bn cot B. -9Z. (Zo. rot B. - ZW tau 
(A19) 
2: N 
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From considerations of symmetry. (Al7) can be written as where 
Ve 
_yto-)'io ti`t Vl, + Vt o 
Zt,. Zto 
Z. + Z. Zlo +Z (Al) RZ,,. Zlo 
Zle cL XI" + Z 
Thus. substituting from (A12) and (A13) we obtain (A19) 
as shown at the bottom of the preceding page. 
From (A19) Ute transmission phase change is obtained as 
a1f Zo(Z . rot 
B - Zo tan 90) 
9yr tan (A20) ZZoZotau B, cot B. 
This is the exact expression for insertion phase. We can 
simplify this by making assumptions about Z,,, and Zand 
by letting 0, - N - B. We have already established that 
the approximate theory, averaging the odd and even mode 
velocities, yields a matched input condition when 
- 
VZ,,, Z- 
Substituting these simplifying conditions into (A20) gives 
T %. oý rot 
9- TZ- tall B 
M-2+ tan-' I --' 'L 
(A21) 
whence 
cut y 
Z_ tan d- Zm cot B 
2 Z-, Z.,,. 
Using the trigonometric relationship 
cost 0 
cote i- cos N 
We Obtain 
'Loo tali N-Z.,, cr. i 11 
us 01 Zr,. tan N. Z... ý<d n 
Now we know 
A. -I) wh. u N-11 
hence 
taw 11 Z,.., 
cos - %,,. 
+ tair ono !I 
or 
n cHnl o w- tai., iAzzi P 'j, "2 q 
Z. 
Equation (A22) thus gives the approximate inertiun pha. c 
of the coupler which should be employed in practical design,. 
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dual-band AR-coated crystal. The SF laser wai continuously tun- 
able from 431 to 43S nm. From the ptacbcal point of view, our SF 
laser is particularly attractive bocauac it combines reliable mater- 
als that are commercially available with a unglo-pass con4gun- 
tion that is simple to implement, does not require bulky and 
expensive optical iaolatora, and provides an ullut-stable and 
diffraction-limited beam. 
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Analysis of microstrip ring structures 
C. E. Fra and C. S. Aitchison 
Mdrxfn; tmrtc D4n6n6wtwa. ML-wlp cwnlwnana 
A new -Ah d of anWynny mfo tp nog wuuara, whidl ff. m 
manbor of drrntaya o+_. uiltng method,. w pn. mted In 
parucul. r, Iha nellwd pemuu the analyw of affyinawfm ling 
peteonka. Hawlu am pmlml. d wha* verify the Iahniyua 
though the oott dwal, n of gnwnnrc and aryametric tIns 
perl nng dtrcrwmxton. 
Innoduerion: The only method of analysing microwave ring steno 
cures that has so far been reported in the literature [1,21 involve, 
reducing the circuit to two equivalent two-port networks, through 
the establishment of a plane of symmetry. One of the egoit7kol 
circuits represent, the situation when m-phase voltage, an applied 
to symmetrical ports of the structure, and the other represents the 
situation when the applied voltages arc In anti-phase. Tlten, by 
invoking the principle of superposition. an overall solution in 
terms of excitation at a single port is found by adding the solu- 
tions for the two equivalent circuits. However, this method is 
wmcwbat reatrictive in that it can only be applied to circuits 
where there is geometric, and hence etemriw]L symmetry. There 
are some circuit components, notably the three port ring dtecnmi- 
nator, where this symmetry may not exist. 
In the three-port ring circuit discussed by Free and Anchuon 131 
there was a symmetrical arrangement of she three ports, yielding   
discriminator response centred, with zero output voltage, at the 
design frequency. If however the input port is displaced, the shape 
ELECTRONICS LETTERS 9Th May 1996 Vol. 32 
of the discrintiuamr rcsponeo will be maintained, hut with a volt. 
age offset at the centre frequency. This offset voltage is potentially 
useful as a Requcn control collage when the dutcnmmntor is 
used to stabslue an oscillator. However, the network is no longer 
symmetrical, and requires a more versatile analytical approach 
than is currently available. 
Annlyrir The new approach, which doe, not rcgWrc the structure 
tu exhibit symmetry. involves summing the currents at each poet 
of the network and then relating the mdmduul currents by the 
transmission cmWic. enn betwoen and through the venmu ciremt 
nudes. 7bus a set of equation an be genenued, from which the 
ratio of any two input or output currents an be found. 
1IARt I/ 1'IAF 11BR} 116F '1CR } 111CF 
13AF+ -+ 
12AR 138F-+1 
-º12BR 
I3CF+1 
I 
/. 
ýI 
13AF 12AF 178R~ ~ 128F 13CR~ -12C 
Fit. 1 TMenpwr rl': d. m wator crew,, A, , *W ewmrr to- 
nn 
Not drawn to w"e 
Fig. I shows a three-port ring, labelled with the currents enter- 
ing and leaving each node. The ati ine, of the current tens huh. 
cam the port (1.2 or 3) of each junction (A, B or C: ) and the 
direction of current flow. where F represents the indent wave 
and R the reflected wave. Thus at junction A we have, 
(114P-ILAB)+(Isns -I24N)+(I5AP-IAAR)MO (1) 
If the transmission coefficients though each junction are repre- 
seated by a, and r-. as defined in Fig. 2, thea we have a set of 
relationships for each junction of the form 
I3AR=a/IJAP+a2I2A! (2) 
assuming that ports 2 and 3 of each junction are correctly 
matched to the ring. This assumption of matching is not centric- 
tive, and the of acts of mismatching could easily be included by 
adding additional terms. Propagation around the ring can be nkr 
resented simply bye set of equations, relating the currents between 
adjacent ports, of the form 
130P - 12AR e-'" (3) 
where ß is the phase propagation umstand for the ring and, in this 
Instance. d is the spacing between ports A and B. 
ui m 
Ng. 2 Traureinlw akJirknrt jor each jtarNw 
Thus, sets of equations baud on the form, given In egnu. I-3 
own be written tu fully represent the behaviour of any ring; tlruo. 
Lure, irre p tha of ring symmetry. 
Threryon ring dlucßnbmiwr The circuit liven in Fig. I provide. a 
dircriminmtor mepon when r nwnul is applied at pun A utd the 
No. 70 903 
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output voltage l', is obtained as the ditlerencc in the detected sig- 
nals at ports B and C" i. e. 
R 
t^ X 
]i I" 
(4) 
'1.1? -I [I 
CA 
F 
1, Rp = Ilca =0 
After some manipulation it can be shown that 
11 RR 
_ al'aI- 
<= (a. 20_oen a. J+(1 axle 
aaýj[I_oze 
ttýt 
(ti; 
where 
A 
and where it has been assumed that the ports of the ring have the 
i. 
rJ4 spacings 
defined in [3J. 
c 08 
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I he values of d «prcsenl (ructions of design wareleuglh, 1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Discussion The discriminator response ohlainesi using egn. s 46 
is shown in Fig. 3. Also shown are the responses ruhen the input 
purl is displaced by S from the original position, such that the 
overall ring circumference remains constant at 5n%4. The 
responses show that the new method of analysis when applied tu 
the basic three-port ring, give results which arc in agreement with 
those obtained using the convenliomd method of analysis 131. 
Moreover. it has been shown that the method pro-des a simple 
analysis of asymmetric structures, as shown from the results for 
the ring with a displazxd input port. If the conventional method 
was applied to the asymmetric circuit, it would be necessary to 
introduce a dummy port, to make the geometry synmmlric, und 
then to seek a solution using the odd and even equivalent circuits, 
which made the output at the dummy putt ouro. Clearly this 
would be a incite unwieldy tnathetnatic l approach, and less ame- 
uahle to a computer-basal solution. 
l'he validity of the new method has also been established 
through analysis of the conventional four-port hybrid ring. 
Condnrions. A new method of analysis of microwave ring struo- 
tures has been dcvelopcd, and verified through comparison with 
known circuit behaviour. The melhrd is less restrictive than 
existing techniques and is particularly suitable for asymmetric 
nrlw urks. 
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Power electronics converter modelling using 
microwave theory and techniques 
J. L. Schnacn. J Roudet and P. Suguct 
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Microwave rcchnrqu.: c 
ihn use ul' microwave theory and Icchniyae. u shown In he iu 
alt-h- wny to -W3 1, EMC disturban "es in power eket: awc. 
nverter, The approach Ims been validmed in both : he t 
frcquencg domains 
Duroducrion Power electronic., consists in regulating the cleclrloli 
power transfer hctwcen a source and a load by turning srmlcuu 
doctor switches either on III CIT. With the new switching capabilay 
of modern semiconductor ccc axe (MOShI I, 1611 Y. MCT... I the 
voltage and current variations (d P. 'dI. rIGihl can reach high vatucs. 
concerning current v; uiatlom, 4alA can now be turned off in I p, 
in. 4A'nil. and pnrlicliuns are made for devices with L4, ns c>n- 
bility. For d0 di. 2 or 3V/its arc relatively frcyuctn during transi- 
tinui. 
These large transient phenomena induce many converter dlstur- 
hances. 
large voltage surges ore induced which can destroy wInIuoudut 
for devices 
parasitic centred current can dislurh the converter environmall 
especially the surrounding low level electronics (drive circuit) 
radiated ct ions 
All these disturbance.. trc classtliccl under he I-Mt ipprlj,, 
lion (cIctrromagnellc conrputibilitvl aid arc tu he taken into 
account during the convener design phew 
Simulation is a very attractive way to characterise the HIM 
per(orruanecs of n power electrnnice convertrr txcuuct il uvmds 
the building of it prototype ; nld allows .I great number of test. 
However. the wide frequency spectrum involved in the large ir. m 
sirrt phenomena does, nor nllow the use of classicd lumped ele- 
ments any more. The idea to ilse 1111Cfosact- theory appears Ihus 
as a good way to model these transients. which (ne tit the origin of 
EM( diilurbances 
nuw. r eodc 
"", ". 
n. týinh 
Zo(ýlC11M 
, sot nkrgtuW Na- 
Fig. I Ermnprv (n puwrr r nnverrrr Il yMmi ri , -irh rbr heiejut 
rwdar the pawn 
PCH 
-11h1n rmAt it gnrorld plum The rrw"rurr rnA, 
Ne mir-imps 
Ir =I cot, h 1.5m- I- i511rn Nato that current is flowing I 
stnp Ito strip 2 
(' i,: g microivnve techniques in Ixntrr ek ironies Power elecrromcý 
converters are often renliacd on ;i chtasicnl printed oircua bist 
(I('14) of 75 or 210prn (hick mess 1'ur hereto) renanns (c(indnr(vJ 
Rod switching lotions are lilt negligible) an slnnnniwn hciusink i., 
often plaml under Ihn whole PCB As n result. (he glohul sou. 
Lure looks like classical coupled nucrucinps (I'ig. 1). 
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Abstract 
A new and potentially powerful technique for digitally 
controlling the frequency of a microwave oscillator is 
described. The technique, which differs significantly from 
existing methods, makes use of a multi-feed threeport ring. 
The circuitry is simple and provides inherent stabilization 
in addition to frequency control. Measurements at X-band 
have been made to validate the technique, which has also 
been established through computer simulation. 
Introduction 
Delay-line techniques for achieving frequency 
stabilization of microwave oscillators are well known. Free 
and Aitchison (1] showed how the basic method could be 
extended to give frequency control by incorporating a 
switched phase shifter in the delay-line path. If a digitally 
controlled phase shifter were used then this method would 
permit digital frequency selection, although the circuit 
would be relatively complicated. 
In this paper a different and simpler concept is proposed, 
whereby changes in delay are achieved by switching the 
feed point to a three port ring. This method has a number of 
advantages compared to the use of either distributed 
switched phase shifters or lumped delay-line elements, 
namely: 
" circuit fabrication is made less demanding, by 
eliminating critical coupling gaps 
" no discontinuities exist within the effective delay line 
path to generate reflections and hence errors in the 
frequency control voltage 
"A he circuit permits simple, precise frequency selection 
where the accuracy depends mainly on the position of 
the feed points to a microstrip ring 
" digital frequency selection is possible 
" only one microwave switch is required to generate 
each digital bit 
" the circuit occupies less substrate area than any other 
comparable method 
there are no frequency limitations to its 
implementation. 
Circuit Operation 
The proposed circuit Is shown in figure 1. A three-port 
ring discriminator circuit is incorporated in the feedback 
path of & VCO. Two PIN diodes A and B permit the ring to 
fed at two different positions either independently or 
simultaneously. 
With a single feed, and with the port spacings specified 
In figure 2, the control voltage V. applied to the VCO will 
exhibit a frequency discriminator response as explained in 
reference (2]. It can be shown theoretically that if the feed 
position is moved without changing the overall 
circumference of the ring, and whilst maintaining a )J4 
spacing between the output ports, the shape of the 
discriminator response will not change significantly but it 
will be displaced in frequency from the original position. 
This will cause a DC offset voltage to be generated at the 
. output of the 
differential amplifier and this voltage can be 
used to change the frequency of the oscillator. Therefore, 
referring to the circuit of figure 1, switching either A or B 
on will give a stabilized output from the VCO at one of two 
frequencies determined by the position of the feed ports. 
Moreover, the theory can be extended to show that if both 
diodes are switched on simultaneously a discriminator 
response is obtained with an offset voltage midway between 
the values obtained with the diodes switched individually. 
Hence the arrangement provides digital control of the offset 
voltage, and consequently of the oscillator frequency, with 
Iwo feeds permitting the selection of three frequencies. It 
follows that n feed paths, with a single diode in each, will 
permit the selection of 24-1 frequencies. 
Analysis 
The conventional method of analyzing tnicrostrip ring 
structures, such as the hybrid ring and the basic three-port 
ring discriminator, Involves reducing the ringcircuit to two 
equivalent two-port networks, and then summing the 
solutions for these two circuits. However, this requires the 
establishment of a plans of symmetry through the original 
circuit, as explained In Collin [3]. Such an approach is not 
attractive for the proposed digital control circuit, since there 
is no inherent plane of symmetry, and this would have tobe 
created through the Introduction of a dummy port and a 
solution sought which makes the signal at the dummy port 
zero. Therefore in the present work, a new current summing 
technique, recently reported by Free and Aitchison (4) was 
employed. 
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'T'his technique requires the current entering and leaving 
each port to be identified as shown in figure 3. Summing 
the currents at each port of the network, and writing 
relationships for the currents flowing in the ring in terms of 
the transmission coefficients between and through the ports, 
leads to a set of linear equations from which the ratios of 
the currents entering and leaving any two ports can be 
obtained. 
Results and Discussion 
Using the current summing theory, computer simulations 
were obtained for a ring with two feeds. The three 
discriminator responses, corresponding to the three possible 
diode states are shown in figure 4. The responses are linear 
in the vicinity of the nominal design frequency of IOOHz, 
with the different diode states producing equal increments 
in the offset voltage, thus indicating that linear frequency 
control of the oscillator is possible. 
Table 1 shows typical test results obtained with a 
microstrip circuit at X-band. The test circuit was fabricated 
on RT/duroid having a substrate thickness of 635 µm and a 
relative permittivity of 10.5. Low-loss, beam-lead PIN 
diodes (HPND-4005) were used as the switching elements. 
The distance between the PIN diodes and the ringwas made 
X, 12 at the design frequency so that a feed arm containing a 
diode in the OFFstate would reflect a high shunt impedance 
across the ring. 
The practical results show that the three possible diode 
state combinations yield three frequencies with 
approximately equal intervals between them. The magnitude 
of the frequency steps can be changed by altering the 
sensitivity of the feedback amplifier. The oscillator remained 
stabilized at each frequency and a typical plot of the relative 
phase noise, showing the effect of stabilization, Is 
reproduced in figure 5. A phase noise reduction of 13dB 
was observed 5kHz off the carrier and this is consistent with 
a measured stabilization ratio of S. (The absolute values of 
the phase noise area function of the particular test oscillator 
being used and are not of primary interest here. ) 
Clearly the number of frequency selection can be 
increased by having more feed arms to the ring, but there 
are some limitations. Firstly, all of the feed positions should 
be on the same side of the ring, otherwise the polarity of 
the offset voltage and the sign of the discriminator slope 
changes. Secondly, the spread of feed positions around the 
ring is limited, as the slope of the discriminator response 
will change, leading to a change in stabilization and hence 
in the phase noise reduction. Lastly, simple layout 
considerations restrict the numherof entry points to the ring, 
so as to avoid unwanted coupling effects between the feed 
paths. However, these are not major limitations, and the 
basic ring circuit can always be cascaded to provide more 
frequency selections as shown in figure 6. In the cascaded 
arrangement shown, the microwave signal is applied at port 
X and the 4 diodes controlling the feed paths to each ring 
generate 24.1 different voltage levels, giving a total of 225 
levels at the output of the final summing amplifier, i. e. 8 
diodes would permit the selection of 225 different 
frequencies. 
Conclusions 
A new technique for implementing digital control of a 
microwave oscillator has been established and confirmed 
through practical measurements. The technique appears very 
attractive because of its simplicity, lack of frequency 
constraints and the potential to be implemented in an MMIC 
format. 
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Digitally selected frcquencies (GHz) 10.0.10.1.10.2 
Stabilization ratio s 
Phase noise reduction -13dß 
Table 1 Summary of essential results for a 2-bit system 
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